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FOREWORD

As part of Project THEMIS, the Deparbient of DefAnse, acting through
the U. S. Air Force Office of Scientific Research with Dr. B. A. Wolfson

as Cognizant Scientist, awarded an integrated applied research program
concerned with the "Chemistry and Mechanics of Combustion with Applica-
tion to Rocket Engine Systems" to the University of Utah. This investi-

gation in the College of Engineering is under the general direction of
Professor M. L. Williams as Progran Manager and was initiated in September

1967.
The purpose of this program, which) is integrated with our academic

objectives, is to study the interdependence of combustion processes and
the plhysics-mechanical behavior of solid fuel materials within the context
of a rucket engine system. It is intended to capitalize upon a quanti-
tative understanding of molecular structure, which affects both the

combustion and mechanics behavior, and treat the propellant fuel and

associated inert components as a materials system--from processing, to a
determination of the constitutive equation as needed to assess structural
integrity, and failure under various environmental and loading conditions.
Concurrently, the tasks are concerned with propellant as an energy source--

from ignition, through burning, gas dynamics, interaction with rozzle

and insulation compoi,.nts, and consideration of electron noise and radar
attenuation in the plume.

Six task areas are presently envisioned, each of which is under the
direction of a Principal Investigator. Coordination of the various tasks
is accomplished by regular meetings of the senior investigators and

appropriate external consultants from industrial and government organize-
tions. The six areas, not necessarily of equal emphasis, include:

1. Combustion and Transport Mechanisms

2. Flow and Heat Trans;*r
3. Ablation Mechanisms
4. Radiation Attenuation and Plasma Physics

5. Mechanics of Solids

6. Transition to Detonation Mechanisms

External coments are solicited and direct contact with the individual
Investigators is encouraged.
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PREFACE

The establishment of a Proj 7 7`.S peogram at the University of

Utah has, in -onjunction with other associated research, permitted the

College of Engineering to embark upon a consolidated and integrated series

of investigations in the general area of combustion and cow•uistion related
research. As a particular and immediate result of Project THEM!S, several

specific studies, which have the molecular morphology as the common thread

affecting both the combustion and mechanical behavior, have been initiated.

While as individual components they supplement a broader program, they

also comprise individual tasks and as such are being reported separately.

Their internal coordination and integration with the broader academic and

research program of the College is being accomplished through frequent

meetings of the senior investigators.

A study of the combustion process is intimately associated with an

accurate knowledge of chemical kinetics, as analytically established and

experimentally verified. Many of the present observations of polymer

decomposition have been made at unrealistically low burning rates. In the

studies pianned for Task 1, measurements will be made at rates two orders

of magnitude faster than conventional ones. Preliminary experiments with

a PBAA solid %'uel shows that a pressure dependent endotherm exists in the

solid before the gaseous products are evolved, thus illustrating a reason

for ou.- concern with the molecular chemical structure and the associated

kinetics. These internal processes are important also in Task 6, wherein

we inquire as to the possibility of internal heating from the passage of a

viscoelastic shock wave through the solid causing sufficient temperature

rise to trigger ignition or detonation. This latter situation is an

interesting illustration of therno-mechanical coupling wihich can exist in

i rate dependent material. While such responses have been calculated for

linear viscoelastic media subjected to (weak) stress waves, the equation

of state and the coupled heat and equilibrium equations are considerably

more complicated for higher rate and more intense loadings.

As a conjunction of portions ot Tasks I and 6 wherein the chemical

structure may affect both the combustion and the mechanical behavior,



Task 5 seeks to pursue in greater detail the appropriate form of the

equations governing deformation of a rate sensitive solid. As a point of

departure, the joint thermo-mechanical state will be reviewed, both

analytically and experimentally, with especial emphasis upon the non-linear

effects introduced by geometry, such as "dewetting" of propellant binder and

oxidizer, and by the material itself, such as the large deformations which

are characteristic of rubberlike media. Ultimately it is hoped to incor-

porate into these equations any chemical effects sensitive to high rate

loading input. Such inclusion would possess the incidental advantage of

providing a reference point in the event the ablation studies of Task 3

indicate strong coupling between materials and structural integrity.

The principal objective of Task 3 is to attain methods for controlling the

chemical kinetics of the sub-surface internal endothermic-exotheric reactions,

with particular reference to the possibility of weight reduction in rocket

components such as nozzles. a

Inasmuch as Task 3 will examine the interdependency of pyrolysis of

materials and surface chemical attack during combustion along the inter-

face between the ablating materirl and the flowing gas, some aspects of

this task are closely related to the aims of Task 2 which Is concerned

with temperature and velocity measurements in a turbulent boundary layer

subject to mass injection and combustion. Both subsonic and supersonic gas

flow will eventually be considered in measur 4 ng heat transfer characteristics

which as already mentioned are essential to the proper design of ablating

components such as nozzles. The present experiments, which include injection

of air int9 air, and nitrogen and hydrogen into air through a porous wall,

have required the development of a temperature sensor which has worked well

uncooled in non-combustive gas flow. Preliminary experiments using a cooled

.ensor in the combustion zone have yielded encouraging results.

The last of the current tasks, Task 4. has yet to be integrated fully

into the overall program; its impact will depend upon the success of its

exploratory study into the use of microwave techniques as a diagnostic tool

for deducing the electron temperature In the combustion chamber. The

attenuation of microwave radiation has been used for many years to measure

ionization density and collision frequency in the combustion products behind

the exit plane of the exhaust. The present study is directed toward achieving

similar results inside the combustion chamber. The initial results have

been encouraging and lead us to hope that concurrent improvements in data

tr
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reduction can include analytical provision for pressure waves, non-uniform

(4A& stion, and source-sink reactions which are occurring in the chamber.
Such deductions and proper interpretation of the electron temerature should

be of considerable value in achieving the objectives of Task 1 wherein the

chemical kinetics of combustion are being investigated. Finally, one other
application of microwave diagnostic techniques has been tried with reason-

able Initial success. As an extension of the ultrasonic, r4on-destructive

test (NOT) technique comonly used to detect internal flaws in metals, micro-

wave radiation techniques have been used to find internal voids in filled,
solid fuel materials. Ultrasonic waves are too easily attenuated and sub-

sequent evaluation is frequently non-discriminating. At the present time,
a satisfactory microwave antenna design has been designed and used in the
pilot experiments. If the outcome from all the present test comonents is

successful, flays as small as one-thousandth of an Inch in size could be

detected in typical solid rocket fuels.
While the tasks discussed here have not been comqletely defined, it

"t elieved that a balance between definition and flexibility has been

maintained which is appropriate to the time the work has been in development.

Comments are solicited from the technical community and direct communication

with the individual senior investigators is encouroed.

a
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PREFACE

Task 1, as outlined in the original proposal, was to be a study of

gas-gas mixing at the boLndary between two fast-moving gas streams. Work.

on this task was postponed for the first year of the project in order to
permit intensified effort -n other tasks.

* !. A review r the project as a whole, in the light of an opportunity

afforded by changes in the sponsorship of related combustion oroJects,

now leads us to propose replacing the task on mixing with one on polyirer

decomposition rechanisms. We look upon this change as a means to strengthen

the project by initiating the investigation of molecular mechaniszns of

combustion, later expanding to the studty of molecular mechanisms of

thermo-mechanical and chemico-mechanical behavior of propellant materials,

The investigators have already reported some work on polym7%er decomposi-

tion (ArOSR Final Report 67-)901), and this work is still ir progress

under other sponsorship. It has been concerned almost exclusively with

measuremr!_,ts of the thermal effects attending the rapid heating of polymnes

and propellant-lik. materials, very limited work having been done on the

chemical aspects. The therml approach under other sponsorship should -be

completed ir September 1968 anrd combined thermal and chemica- approach

will be initiated as Task I under THF-MIS at that tim-e.

iT_
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IO INThODUCT,'LON

The seve,-ai coriention.i .et --, eveloped for the study of the

erma] decmposition C' polymeric and composite materials (DTA, TGA,

"C) suffev from the defect that. at the sinall heating rates employed,

;e high-temperatore d.cn-.pooio: mechanisns probably active in combustion

",ocesses are not observed; thc virgin mtaterial is consumed or altered by

w-.temperature mech~e 'ms before the decomicsition temperatures associated

th combustion processes ;re readhe: TL: w)rk alrcady performed at this

tcil.ty has employed heatii, , rates 50 to 100 times as great as those

ed in conventional studies.

Briefly, the studies with PBAA polymer havie revealed that, if heati;ng

%es place in an inert, evircnnt, a pressure-dependent endother'm is

served well before a significant amount of gaseous product is evolveJ.

heating takes place in the presence of hot oxygen, or even in nitrogen

en the polymer contains twenty percent or more of ammonium perchlorate,

e first significant ewvnt iq an exotherm; and it is observed well before
visible flame signals ignition. The dependence of the temperatures at

Ich these even.s o,-rr o- heating rate, pressure, and oxygen tem-erature

trits some !nfe-,rces LOcerning mechenism but serves mainly to identifyI

I partial1y -to cnarac.terlze everts whse chemistry must be studitd before

3.ful result can be published,

Studc2s now in progress define the problems which will be investigated
Task I. The current study has yielded data concerning the polymer-

iger reaction which can be used to discriminate between proposed mechanisms

the reaction. However, since these data were ob.tained under transient

iditiris, Lneir vchanistic interpretation must account for time-dependent

rder,ýture and concentration variations in the solid and gas phases; and

eng~hy and very complex data-analysic scheme must be developad. It is

posed to determine the polymer-oxidative-species reaction mechanism by

tloping dnd applying such a scheme to the existing data and to the

u!ts nt additional tests '-hich may be required. Considerable effort

I be directe6 to develop s-f.ipling and analytical techniques that can be

a wit' methods of rapid heating of smal1 test bpecimens. Professors

a-I1



Boyd and Putrell wiNl provide supporting talent in methods of spectroscopy,

mass spectroscopy, and polymer characterization.

In the following years of the task, it is expected that the methods

developed will be exploited ir additional reactionomechanism studies;

and experiments in thermo-.iechanical 3nd chemico-oechanical phenonrna--suD-

portirg Task 3, 5, and 6--will be initiated.

a-2
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PREFACE

A basic objective of the Project THEMIS program, "The Chemistry
and Mechanics of Combustion with Applications to Rocket Engine Systems,"

at the University of Utah, has been the consideration of solid propellants

as an energy source and the study of the means required to convert this

energy into reliable propulsion work. Six research tasks were undertaken
in the areas of combustion and transport mechanisms, flow and heat trans-

fer, ablation mechanisms, radar attenuation and plasma physics, mechanics

of high solids loaded systems, and transition to detonation mechanisms.

Task 2 of this program, "Flow and Heat Transfer," has been concerned with

the study of the turbulent boundary layer with mass injection and combus-

tion. Characteristics of hot-film sensors, both uncooled and cooled,
have been examined, with the result that these sensors may be used as

reliable diagnostic tools in reasonably high temperature envirorments.

In the area of solid-propellant rocket design, the results of this

program should aid in the understanding of the behavior of ablator
response to the combustion gas environment for solid propellant rocket
nozzles ana i-F-1ators, and should provide information concerning

gas-g9as phase m. :,i and combustion processes which would aid in the

understand~ng of prop:.llant ignition and combustion phenomenon.
Several aspects of this research are directly comparable to situations

occurring in solid propella|it rocket systems presently being developed.

For example, the injectants used in Task 2, up to this point, have been air

into air, and various mixtures of hydrogen atid nitrogen into an air

turbulent beundary layer. Mixtures of comparable compositions, i.e.,
light gas with heavy gas (H12 with CO) occur in the combustion products of

the Poseidon Stage One and Poseidon Stage Two rocket motors. Hence, the

results of Task 2 concerning the turbulent mixing and transport charac-

teristics for boundary layer injection should be applicable in the

evaluation of the heat transfer occurrinS in present day solid propellant

rocket motors.



During this past year, the supersonic combustion simulation facility
has been completed. This facility provides the capability for simulating

combustor inlet conditions for air-breathing systems operating in the
Mach nuber range of from five to twelve, with an upper altitude limita-
tion of 130,000 ft. It is anticipated that the information and capability

obtained from the use of the subsonic combustion wind tunnel will be
directly applicable in ",he supersonic combustion facility.

The use of the water-cooled hot-film sensor wili be extended to the
supersonic wind tunnel. 3ecause of the increased roggedness of the

hot-film sensor, it is anticipated that the hot-film probe will yield
turbulent mixing and combustion data in the supersonic range, which are

normally very difficult to obtain.
The specific results obtained under Task 2 of Project THC71S for the

period 1 September 1967 to 3V! August 1968 will be presented under three

separate sections. These sections, with a brief summary for each, are

as follows:

Subsonic Turbulent Boundary Layer with Heat and Mass Transfer

Studies of the subsonic turbulent boundary layer with both mass and
heat transfer from a porous surface have been completed. Results indicate

that a temperature inner law and a temperature defect law may be written
which describes the resultant temperature distribution across the thermal
boundary layer. The temperature inner law and the temperature defect law

are expressions from which the local temperature in the boundary layer at
a given distance from the surface may be determined, given the surface
skin-friction coefficient the surface heat transfer, and the mass-injec-
tion velocity at the wall!9' 10) Presence of the heated porous surface
causes a significant increase in longitudinal turbulent velocity fluctua-

tion intensity. These results were obtained using hot-film sensors.

Studies of the effect of variable composition on the response of hot-
film sensors in an isothermal turbulern 5'oundary layer Piave also been

completed. Mixtures of hydrogen and nitrogen were Injected across the
porous plate into the subsonic turbulent boundary layer. The mixture

compositions were varied from pure hydrogen to pure nitrogen. Concentra-

tion, dynamic pressure, and hot film power dissipation profiles were



obtained across the boundary layer. The power dissipation profiles were

obtained with constant tenperature hot-fillm sensors and the results

indicate that a significant increase in heat flux is producad wthn the

environment consists of a mixture of hydrogen and air or hydrogen and

nitrogen. Variable composition was found to significantly increase the

longitudinal turbulent velocity fluctuation intensity.

A technique was developed where the three profiles discussed above

were utilized in determining the velocity profile across the bondary

layer. The turbulent shear stress and eddy viscosity distribitioi were

then obtained from the results.

Subsonic Turbulent Boundary Layer with Injection ai-d Combustion

Preliminary profiles of temperature, dynamic pressure, and heat flux

to a cooled probe have been obtained through the flame zone of a turbulent

boundary layer with hydrogen transpiration and combustion. These results

indicate that the cooled probe may be used in the flame zone for the
acquisition of turbulent mixing and combustion data. An Intensive effort

is underway to obtain detailed profiles of temperature, dynamic pressure,

static pressure, concentration, and sensor heat flux across the turbulent

boundary layer and through the flame zone.

Supersonic Combustion Boundary-Layer Facility

A supersonic boundary layer channel with an open Jet ,ection has

been installed and is undergoing calibration. The tunnel plenum and

mixing chamber has been designed for a total pressure of 200 psi and a

steady flow teoperatrc of 25000 F. The Mach 2.5 and 3.0 water-cooled
nozzle blocks are rated at a steady-state operating temperature of 1500°F
with the capab~lity of wlthstanding mich higher temperatures for short

periods of time. Xt is anticipated that the porous-wall test section and

injection manifold will be fabricated and installed during this coming year.
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1.0 INTRODUCTION

During the past decade, solid propellant rocket motor technology has

reached a high level of capability for designing and developing operational
solid propellant rocket systems. This capability has been achieved
primarily through an extensive motor components testing program, wherein

many major tests have been conducted to prove each design concept. As a

result of this testing, empirical correlations of motor performance and
nozzle thermal protection performance have been achieved. However, these

correlations have been largely restricted to the type of propellant and
type of no7zle insulating material for which they were developed and have

not been readily extended to new propellant formulations and new nozzle

insulating materials.

Solid-propellant rocket motor performance and nozzle structural

integrity can be adequately predicted only if the surface erosion rate and

the thehral penetration rates can be accurately evaluated. A fundamental

requirement for the evaluation of these rates is an understanding of the

heat flux from the hot, usually turbulent, boundary layer to the ablating

surface. Task 2 of Project THEMIS is an experimental and theoretical

program of research directed toward clarifying some of the basic mechanisms

occurring in the turbulent boundary layer with heat transfer and mess

injection. One of the basic problems remaining to be solved in rocket

nozzle heat transfer analysis is the description of the turbulent trans-

port properties in the turbulent boundary layer occurring on the nozzle

surface.

Another area of major interest in propulsion development, and of

interest to Task 2 of Project THEMIS, is the rapidly expanding field of

hypersonic flight in the earth's atmosphere. In fact, in recent years

the literature on hypersonic flight in the Mach 6 to 12 range has considered

a large variety of missions and vehicle configurations which have

included some sdc*e for employing air-breathing propulsion with air-

augetation of rocket motors or utilization of supersonic coibustion in
a basic ramjet cycle, commonly classified as a scra-m~et. However, Henry[1•)

b-i
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tas recently pointed out that ;:- of the assumptions on which these studies
are based have not been substantiated through experimental results. One of
the basic problems which rew~ins to be explored is the matter of how to
inject the fuel to obtain uniform distribution without significant thrust
penalties and undue flow disturbances. Another major problem is that !%f
Ignition whe the range of operation of the super-sonic combustor extends
toward the low fl ight Mach number regime.

To gain further insight into solutions for these problems. in both
solid-propellant rocket technology and supersonic combustion, a means must
be developed by which local flow characteristics such as velocity, temper-
atuire, concentration, and turbulent transport properties may be obtained.
Recently developed constant temperature anemometry equipment with cooled
film sensors may be suitable for obtaining such informAtion. 'it has been

the objective of Task 2 to pursue the study of (1) uncooled hot film
sensors in turbulent boundary layers with mass transfer, and (2) cooled

film sensors in combustion zones of turbulent boundary layers with hydrogen
injection. It is anticipated that thea use of the coo'led probe will be
extended to sup1ersonic combustion peoea

The results of this program will be two-fold: first, the char~cter-
istics of a subsonic turbulent boundary layer with mass transfer, heat

trarsfer, and combustion will be better understood. Second, the capabil-
ities of the hot 'film sensor. both uncooled and cooled will be better
un~srstood. In fact, the uncooled hot film sensor has been shown to be- a
reliable means fc' obtaining infor'mation concerning turbulent flow
quafiti tits in low temperature envirofwnts. In addition, methods have
baen developed for utilizing the uncooled hot filir, senfc'r I. a region of
varying cancer~tretion of a turbulent boundary layer to obtain many of the
d'aracterlstics of the boundary layer.

These results will be reviewed with a discussiot of the preliminary
results obtained with the cooled probe in the combustion zone.

Finally the present status. of the supersonic facility will be
reviewed.

b- 2



2, SUBSONIC TURBULENT BOUNDARY LAYER WITH HEAT AND MIASS TRANSFER

2.1 Trwwpi red TurbuZent Boundaryj Layer w~ith? Beat Trtmofer

While the first phase of this project was underway prior to the

initiation of Project THEMIS, its foundation Is pertinent to our present

program. This research was conducted ba S. J. AlSaji and has been re-

ported in detail in his dissertation. (2j Several aspects of his results

will be d81sussed.

The purpose of his project was to study the effocts of transpiratior

and heat transfer on a turbulent boundary layer upon a flat plate.

Particular attention was oevoted to (1) development of a universal temper-

ature inyer lay and a temperature defect law and (2) deve'opmr. of a

mathematcal iudel and approximate analytical solution for the Spolding.

function relatinq the surface heat transfer to the skin friction with

mass t~ransfer.

The taMerature inner law and the te•perature defect law are expres-

sions from wich the lotal static temperature in the turbulent boundary

layer ,Ay be determined for a partiular distance from the surface. For

a aoss injection into the boundary layer, the b lolng velocity mist be

known In addition to the surface skin-friction. The develoaent of these

laws, and corroboratin-44a wi-11 ýe presen~ted iti this section.

The fl ow, wdel wa the turbulent boundary l•yer cn a se-ul-InfIni te

szootth, porous flat p.ate irmersed in a wifom strem of fluid. This

flowtaý ilsmulated on the top wail Of the suoict combustion wind tutn#
in the Thei -c.enrL *aborotrv t f the Department of Mechanical

£fVi1etrin. Air was ".*d both as the flMiM in the ma4ifstreA, and Ms the

fluid injected through th* porous wall. The mainstrea velocity was kept

constent -t 25 feet per se*oM, and the rat* of transpiration was 1,1s

kept co-Atvlnt V the axial distance.

fsasureftnts .ere ra-le within the wuroary layer at several stAtions

along its axial langth. the maed velY ity profIles were amsurisd by use

of pi.tot t-uie-s andI wlth hot-filIm set'sors. The longitudinal tubulert

intensity WS also measured b) means of the hot-fil techntqwt. ht~*e-

teeratve profiles were obtioed by use of a swll-bend thermistor.

I-k- 3



The data on the untranspired turbulent boundary layer were used to

determine the nature of the flow in the tunnel and to provio, a basis of

coMavson for the transpireu data. A universal Idw of the wall and a

universal velocity-defect law were obtained for the nontranspired case.
It was concluded that the boundary layer was two-dimensional,

The mean-velocity profiles for the isothermal transpired boundary

layer and the transpired boundary layer with heat transfer were correlated
in the form of Stevenson s law of the wall,(3, and the odified

(s, 6)
velocity-defect law.

The mean-ten -ature profiles for the transpired turbulent boundary

layer were correlated in the form of a temperature inner law, and a
(8)teprature defect law. These results have been submitted for publica-

St on-. 10)

2.2 Temerature Ininer Lc for i•a4bulent EAourdar L-ers ith Iri, atior.

The mean-terperature profile of the untranspired turbulent air

boundary layer on a flat plate is exp-essed by a temperature inner law,

which, for a moderate temperature difference, iV:

T
T constant (1)

wthre is the local she-- stress, q Is the la~cal heat flux in the normal

direction, and the subscript w denotes these quantities evaluated at the
Wall_

In the .nrnr-law region for untranspired turbulent boundary layers,

mixing: length theories,(71") indicate that the nan tevperature profile

is cOrrel.4ted as

S- oglO y + E,

t (T T) (c

y ;y i*/,v()

ii - (4)

0

b-4
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(6)

ana y is the distance normal to the surface. We shall show that a temper-

afure inner law for turbulent boundary layers with mass transfer and

surface heat transfer may be develo•ped which reduces to Equation (2) as

a special case and which is predicted from experimental results.

The energy equation for the turbulent incompressible boundary layer

on a flat plate rray be written as

PC (u % + v TY (q), (7)

where

q = r-(k + ktt the (8)
However. in the inner region of the boundary layer, where the turbulent
thermal conductivity kt is nuch larger than the molecular th (voal

conductivity k, Equation (8) may be written

ST_2
k. '9)t4

Therefore, Equation (7) for the inner region yields

qw dkt (I.T. T V" CU "(O

where

t I , (11)

and Pr is tfve turbulent Prandt! nunbe-r.
t

E cNation (10) may thus be written as

(dT qw du (12)

S-p W T

b-5



T

SPrandtl mixing-length co.repts, the turbulent shear stress may

b f ten as

r Li2  (.t , ), (13)

whH In the inner region of the turbulent boundary layer. the shear

str Is given by

Pt D (14)

Cor tion of these results yields an expression for the turbulenit

thE condu'tltvicy in the form

S _ L2  ju (15)k t 5- L r -
tPr .y

Ut nig Equation (12), the heat flux may be written

q=- r (T )L2 3 1T( (16)

Prt qV -y ýy

troducing Prandtl's proposed relationship for the mixing length,

~3iJ

wh'r- is thc mixing-length constant, yields
2c 2 1 (IT -aT

• r) K 2 y (y (18)

r Couette-flow bOundary-layer approximations, which are applicable

case, the energv equation may be written as

dp d - - (q) (19)

- iot1n of q from Equation (18) yields

"- T)2 d(T - T)S• • d•(ŽT)Ky 2vP- (-) (--&- (20)

b-6
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After integration and rearrangeent, Equation (20) bexoes

]+ d (TW - T)
ytPr t 2qw

- y (T ) (21)
P w

where C is a constant of integration.

Integrating again and rearrarging yields the results

I +f W W +c C(22)

where C2 is a censtant of integration.
Since the shear stress at any point in the boundary layer is given

by ;

T "w Pwvwu

we w write, from Equations (23) and (1)

q" qw Vw Cp T T] (24)

If Equations (24) and (16) are valid at the save time, then C1  -

and Equation (22) can be written as

S + U 2 • w VwI

+ U' W~r ~ + 2. (25)

Vw
With u Tdefined as (TV/P) Equatilol (25) becomes

Defining the non-dimensionalized temperature as

t (T b- T) p (27)

b-7
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Equation (26) may -e wrItten as

In + + C +• t2-tSr U 2 (28)

2 If the turbulent irsndt1 nibr, PrA, i• assumed to be unity, omarn
EQuation (28) becomes

2 u. v, ½
2t (Wt4 * -Ii= n Y 4 D (29)

V ~U

which is the temperature-inner-law equation for the transpired turbulent

boundary layer. This reduces to the non-transpiring temperature inner

law for the case when vW = O. It should be noted that this expression

Sapplies with Couette-flow approximations, wher-e the pressure gradient is
zero in the axkial direction, the untranspired turbulent boundary layer is

in equilibrium, and the convective energy term, pc u DT/ax Is neglected.

The local skin friction coefficient was obtained from the experimental

results correlated in the form of the velocity law of the wall for trans-

piration, while the local wall heat flux was obtained from an energy
balance across the injection hoods. With these p3rameters experimentally

determined, the temperature data were plotted as a function of the reduced

temperature t+ and injection velocity vw, for the corresponding non-
+dimensionalized distance, y = y u/v, for three values of the injection

parameter, F = P These are shown in Figures 1, 2, and 3. Note
that the turbulent Prandtl number has been set to unity. These results

indicate that the temperature inner-law correlation may be obtained in the

form

2u [(1 + t+)1 -4] versus Y

The figures also imply the universality of the temperature inner law for

different x positions and for various transpiration rates. The logarithmic

portions of Figures 1, 2, and 3 yield the value of 0.464 for the constant

K and a value of -6.20 for the value of D.

b-8
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2.3 Toeraaur: Defect Law for tk-c Turbzlcn. 8o,,ndarý4
Layer wit': Transpi?•.-t-

An expression is presented for the mean temperature distribution in

the outer region of turbulent boundary layers vith injection of heated

gas through a porous wall. The equation presented shows agreement with

experimental results obtained with heated air injected across a porous

plate into a subsonic air turbulent boundary layer.

The equation for the temperature distribution through the inner

region of a turbulent boundary layer with transpiration and heat trdnsfer

derived from mixing-length theory, may be written as( 2 ' 9)

2u vy
T. V + -1] D (1)

""r _rtvw [1+ in:-- + D

where K is the von Karman constant in the mixing-length theory and D is,

in general, a function of vw, uT, and Prt. vw is the blowing velocity

normal to the porous surface, u (tw/ow) is the friction velocity

at the wall, and t = owCpu/qw(Tw - T) is a non-dimensionalized temperature.

Prt is the turbulent Prandtl number.

For a turbulent boundary layer over an impermeable surface with zero

pressure gradient and with heat transfer, Johnk and Hanratty(7) and
Brundett nd B (8)

firundrett and Burroughs postulate for the inner region a relationship

of the form

t+ A n--+ B (2)

in addition, Johnk and Hanratty( 7 ) indicate that a re 1 -tionship Of the form

t - t4  f(Y/•t)• (3)

where t1+ is t+ evaluated at the free-stream te~i!erature, may be applicable

over the outer region of the boundary layer. Hence, if any overlap exists

between the inner and outer regions of the boundiry layer, the arguments

of Millikanill would indicate that the equation for the mean temperature

distribution in the inner and outer regions of the turbulent boundary layer

with beat transfer (but without transpiration) should be of the form
+yu)

t A in (-- 4 (y/I6) (4)

b -12
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where o(yl6t) is a universal function, having the constant value 0(0)

throughout the inner region.

It fellows that

t I- t .A in( ) + 0(1) - (•t-) f(y/6 (5)

is the temperature defect law in the outer region of the boundary layer,
whereas

+ yu
t= A in + #(0) (6)

is the law of the wall for the temperature distribution through the inner

region.

In the case with injection into the boundary layer with a heated wall,

these relationships must be modified to take into account the heat

transfer due to the finite transpiration velocity at the wall. When the

external pressure gradient is zero, the temperature innev-law with injection
is

2u vwt+ yu
T I A tn-- + B (7)
t w

The equation for both the inner and outer regions may now be written as

2u V t+ yu
TTC 1(1 +~Ž ) -1] A in- (X) (8)P v tt w t

where B of Equation (7) is equal to o(O).

It follows that

2u V. tl V t
L-• W + w (I)'-(1 +--) w -A +r ( o) + I(1)- (•-)

(9)
* F(y/%6t)

This expression may be described as a "modified temperature defect-law with

injection and zero pressure gradient."
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Stevenson plots the f~unction

_4_ C( utu (I + u)½1u F(y/st) )
W T

against (Ys frvarious values of x for the case of injection on an

field, FLy/6t )ia universal function. Stevenson defined the term

0Ias the value of y at which the left-hand side of Equation (10.) is
equal to unity.

Following this procedure we shall define 6 for Pr I as the

==" t

value of y at which

2uT [1 1 + 1)

S -(l + +

WT T

A coag arison with experimental results will now be presented. It can

seen from Equation (9) that thelatsulat sho ws fall onto one curve when

thae f~y/at is a universal functiont a tleams onstant tr m

+- +

2u V t1 +•

F(1o + 1 1+vt] (12) • .

+ +"

is pl oteda gainson th exper igenalresut wil a nd w 5 breen presulted obtainedfo

t"t

the experiments reportel by AISaJi.(2) These results collectively imply 7

Vthat F(,y/6L is a universal function at least for constant Prt.!.

j h-14
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2. -EP4etSd of WaZZ ' renature on Ln-jitutIiinaZ Turiucnt h:tensity

The longitudinai turbulent intensity for the transpired turbulerit

boundac liyer with heat addition was calculated from the single hot-film

constant-temperature anemometer data. These ,esLlts are pr3se~nted in

detail in reference (2). Comparison of the parameter / u versus y

/ 5 when the wall was heated wit,, the results for the unheated wall, for

the same transpiration rate, shows that heat addition certainly increases

the longitudinal intensity. For a transpiration rate of

F =P w/,)iu) = 6.26 x 10- an incredse of 12.15 at th wall is indiated
w w I1while the effect diminishes as y/6 approaches 0.50. The thermal Uoundary

layer extends out to approximately y/6 of 0.50.

The data for the. transpired turbulent boundary layer with heat

addition clearly indicate that the increase in the longitudinal turbulent

intensity is dependent on both the blowing rate, (P w v uW)l1, and the

temperature difference, Tw T. Tt should be mentioned that heat addition

will decrease the densi+y at the wall, Pw, which, in turn, causes an

increase in the transpiration velocity at the wall, v., This result would

seem to cast doubt on the results of recent studies which attribute

increased turbulent levels near the wall in burning boundary layers to the

c:)rbustirln process itself.

2.5 Sexilro 4 t- F .'zil-m 'sF.-r

The hot-wire -,a onm.ter and the more r-ce~ly deveiooed hft-film

sensor have become i.vortant tools in measuring both r.:an values and

fluctuations of various phenotrena in fluids. Many of the limitations of

anemometry methods are well-known, but many are also overlooked, wt-ether

known Or unkKrw.n. One of the latter is the difficult- of obtaining data

by which the experimer..cr may distinguish amc.i the various factors

rffecting t0he probef: velocity, temoerature, and composition. t*easure-

i ents in in isothermal bounda ry layer conmosed only of air are straight-

forward. N-'o.ever, if concentration variations are significant across

the boundary layer, the sensor behavior is lire comp .e.x

Tie purpose of this p4hase of ti-e program which was con'ducted by T. H.
(30) WSt etr. etm

Smith and supported in part by Project THEM.', was to detepne the

stnsor respons.e to simultaneous variations of velocity and concentration. The

turbulent boundary layer with foreign-qas injection Provided an eycellent
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'ent for rhe studies, since a great number of differing concentrations
ac C he boundary layer were readily available. Hydrogen-nitr',gen -ix-

t; re chusen as tei irjectants, with concentrations ranging from pure

to -ure nitrogen. This choice was made because of a, unusual

prc of hydrogen-nitrogen or hydrogenoair mixtures. ror these mix-

tun- here is a very sharo minir,.ajr in the mixture molecular Pra.ldtl
nur t intermediate concentrations.

hot-film sensor was treated as a minia-;ure heated cylinder. The

hea .isfer from the cylinder in the environment described above was

i nvr ated.

revious Work

re appears to have been no dirertiy applicable work done previously

on specific subject. However, the foreiapmas injected turbulent

b IU layer has been investigated by many workers.12-19) Hot-wire(20)
beh• was treated extensively in a theoretical paper by Corrsin. (

Vade contributions toward combating rrohlems of anemometry are alse

ava. e. 2 2, , 4 Each of these investigations was of

ass cz in the present unifying study.

2 ýýr qof Hot-Film Scsor Behavior

behavior of the hot-film sensor, a small ceramic cylinder coated

witi d and platinum and a protective quartz film, was investigated

0,C. cally. The results are directly applicable to constanit-temperature
S ,:.Jstems with associated linearizers. The linearizer squares

age si,',7nal from the anemometer twice, giving a velocity-related

S!

Implified analysis for ar i3othermal air environment was presented,

US ng's equation ftr the heat transfer law:

P = A + (! -T) (T)

P - power dissipated trom sensor

U velocity

Ts ;ensor operating temperature

re - environment temperature

A, B constants relited to fluid properties and
sensor YeomITetry
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[ ~and the bars denote time-averagei quaitities.

"It w.s verified that for this case

-= (2)
M U

wheree M root-mean-square of linearizer fluctuations
M • tire-averaged linearizer output

Su root-mean-square velocity fluctuation
The %.an response of the senor in an enviroansent with velocity and

ccncentration fluctuations was derived using

Hu v 0.4^ Pr0 '20 + 0.57 Pr0 "33 Re 0.50 (3)

for the basic heat transfer relationship, where
Pr Prandtl numrber = j C iK

Nu Musselt number = hd/K
Re RP'eywlds nun~ber = p!d/v

d - sensor diameter

The following expression was shown to express the sensor power dissipation:

EbRs = 042 [Ka ,+.f(-) K • + g (r)a V) (C p + r AC )i 0 20

i 0.B7=•,R [ .2,Ka + f () ] (-a K- g gA• Ca a.3SRR (Ka + f (r)AK)

0.3
0. 571tz [K +f (T7)A Q G + g (W) :) (C + rFA C)

_____a____ Ha . p a P

o L a

(oa + T A p)d . 0.50
(4)

a+ g (T)A.

4were
E = time-averaged bridge voltage
RS = sensor operating resistance

R3 = interoaa anemometer resistance in bridge leg
Ra- resistance of external circuitry except sensor

and the rest of the notation is as in Corrsin.( 20)
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4,I

The fluctUating response of the sensor was shown to be

". i - - + IV

where A1 and B1 art constants related to fluid properties and the rns

signifies the root-mean-square of the expression in the braces. It is

seen that two new terms arise due to the concentration fluctuations,

y' and the cross term yu.

It has been shown that Equation (5) reduces to the simple Equation
(2) for an air-only boundary-layer environment.

2.5.3 Apparatus and Procedure
The subsonic wind tunnel of the Thermal Science Laboratnry, with the

7" x 7" x 8' test section was used for these studies. Two 12'" x 61

porous plates formed part of the test section top wall. Various gases
were injected through the plates into the boundary layer. Hoods erected

over the plates insured even distribution of the injectant. The free I
stream velocity was 25 ft/sec, and the temperature was approximately am-
blent.

Six different Injectant cases were studied. The injectants, symbolic
designations, and injection rates F = (pV) /(pU)s, were as follows:

INJECTANT DESIG)ATION RATE F

none Z- 0

air A- 6.4 x 10"
hydrogen H- 3.5 x l10-

nitrogen N- 6_2 x 10-3

hydrogen (2.2% by mass) NH- 5.8 x lO3
in nitrogen

hydrogen (7.0% by mdss) NH- 4.3 x 10-3

in nitrogen

For each case, several basic quantities were measured at 22 points through

the boundary layer at a given point 68" downstream from the initiation of

the turbulent boundary layer. Dynamic pressure was measured with a Pitot
probe and micromanometer, and the temperature with a thermocouple bead

b-20
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and potentiometer (to verify thermal equilibrium and uniform temperature

across the boundary layer). Concentration samples were extracted and

analyzed using a gas chromatograph. The power dissipation from the hot-

film probe was measured and the linearizer indications of velocity and

turbulence level (neither of which accounts for concentration effects) were

obtained. A true rms voltmeter was used to obtain the turbulence level

frznm the linearizer output.

2.5.4 Results
The data were reduced using the University of Utah Univac 1108

digital computer facilities, Profiles of velocity, concentration, power

dissipation, and linearizer output mean-value and fluctuation intensity

were determined. Thermal conductivity and viscosity of the gas mixture at

each location in the boundary layer were calculated, together with the

constant pressure specific heat. The behavior of the molecular Prandtl
number aci oss the boundary layer is presented in Figure 6. Power dissipation

and sensor loss correction profiles gave Nusselt number, Nu, profiles. The

experimental values of the Nusselt number were compared with those pre-

dicted by Equation (3), with very gooJ agreement being found. A Gaussian

least-squeres curve-fitting of the Nusselt number expression

Nu = f(Re, Pr) (6)
in the form c2Nu = PI e Prc,

yielded the expression 00 355  0 .327

compared with the literature value(•) of

Nu = 0,9031 ReO' 85 Pr0 '31  • (9)

The experimental power dissipation profiles were compared ýAth those
predicted by an equation baz-d on Equation (4), again with good agreement.

Finally, the e.tperimental velocity pr'ofiles were found to compare favorably

with those predicted using power dissipation profiles and Equations (3) or

(4).

The profiles of dimensionless linearizer outputs, M/•,(analogous to
velocity when no concentration effects are present) and power dissipation,
P/P-,showed a dramatic effect of concentration at distances less than 0.4

inches from the wall. (see Figures 7 and 8) An investigator ignoring the
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effects of concentration on the sensor behavior and, therefore, upon

linearizer output ;:Muld be led to gross errors in his velocity profiles,

whereas Equations (3) and (4) and the velocity profife prediction mention-

ed earlier lead to very good agreement with the true velocities.

Figures 9 and 10 show the concentration effects upon the turbulence

levels m'/19 and m'M respectively, indicated by the linearizer and an

rms voltmeter. It is seen that although case H- has by far the lowest

injection rate (from which one might suppose it to show the lowest

turbulencc readings), it generally has the highest indicated turbulence

intensities for y <0.3 inch. This is in qualitative agreement with

Equation (5) which indicates the effect of concentration fluctuations

upon the turbulence intensit, m'/Iff.

The conclusion may thus be drawn from the experimental evidence of

this section and the accompanying theory that an investigator ignoring

concentration effects upon the sensor would make errors ' the velocity

and turbulence intensity profiles of such magnitudes as to seriously

affect the validity of his results. The errors are significant even for

as little as 2.2% b) weight or hydrogen in the injectant. This conclusion

suggests that further consideration be given the data of Wooldridge and

[ Muzzy(l9) In which concentration effects were ignored for 4% by weight

k hydrogen mixtures with nitrogen.

It has also been shown that the hot-film sensor may be used to obtain

power dissipation measurements which, when used with Equations (3) or (4)

and concentration profiles, obviate the need for time-consuming dynamic-

pressure measurements except as an additional check on the data.

2.6 A New Turbulent Prandtl Number Determiination ,Wthod for

Injected, Variable-Property Flow

The need for additional data clarifying the behavior of the turbulent

Prandtl number across the boundary layer has been mentioned by Kestin and

Richardson(26) and by Spalding.(31 The turbulent Prandtl number may be

defined as Pr(Y) p(y) CM(y)/cH(y) ; (10)

b-25
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cM-y) eddy viscosit.;

XH(y) eddy condw.:: Ivi ty

Ih nEquation (10) ýý, and are turt.ent counterparts of "le-. molecular

viscosity amd therml conductivity, ispectively. They are functions

not orly of the fluid properties t.t alro of the flow characteristics. X-
wire probes are usually employed to ;nasure these quantities, but this

method is cofnp1ex and may be inaccu,.itn, especially near the wall (24 )

An alternate method has been devised thr-ough integration of "

turbulent equations of continuity, meint;m, and energy. The mitod rae-

quires only mean velocity and temineratuz' profiles, is app tC

variable property fluids, and includes t:i injection of air Tr 4f fov~ Ci ,.es.

Mean concentration profiles are required with foreign-,as nJe,. A

muputpr program has been written which evalu~tes the veinci ,y LýATporcnt

perpendicular to the wall, the turbulent shear stress, thet tz:- tI;

heat transfer, the eddy viscosity and conductivity, anu` pth tumule•t

Prandtl number, all as a function ot the distance I.-onm toe wall 'Dta-

of AlSajiý2" for air injectior with a heated wall 1, .ed -i: irput to

he coM!npter prmgmrm, and good results were obtained, :,ee Fiturs l and

£7 A &-j st.ýzd f,ýr Detorm-niig Ski~r Vi ýZ%4
&~oiar~ Z~r 'th For'eigr-Gue Tifecrtior

Determination of the skin-friction coeffln._(t i•k. the .

injected boundary layer is quite difficult. Extr.ition of \ocity
vfil -s to the w4.l gives poor accuracy, as does te 1e -o nxenfZ-

Int-egral m-thod,
A new ",thod has been devised,based si tc ,-r.-...- r ap a c h o f

fl for air injectian. Stevenson's ," .!s based on tnf "law

of the wel'V" equation ior the inner region in wh'ih the s fri r-tion appears

inI lic tiy. The. present imthod is based on a corr~sp~ir itn.er 'w for

the foreign-gas-injected boundary laer derived f rc theories o-f

Spaldling, Auslander, and 5undaram and of Rubesin rd appas ' The
solution has been written in a. coVputer program wich -ay be used for ,'ny

case in which the injectant is lighter than air. , , , .

has also been pointed out for the heavier-than-air cas *1
a-28
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?Curves of the quantity U/L as a function of lo '/U-/") for different

values of cf iL 9 specified injection rates have been plotted (Figure 13)
for hydrogen injection. The subscript w denotes the value at tke wall

To use the graphs, one plots a few experimental values of U/U- versus

logio yLIo/vw on the chart corresponding to the experimental flow rates;

interpolation beween two graphs may be necessary- The points fall between

two of the cf curves, whereupon interpolation gives the estimated shin-

friction coefficient. Values of the skin-friction coefficient, cf, for

the case of nitrogen injection have been computed and compared with

the values determined by other methods. Good agreement was achieved.

The method described may also be used to find approximate skin-friction

coefficient values for cases in which the injectant is a gas mixture.
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3,0 SUBSONIC TURBULENT BOUNDARY LAYER WITH INJECTION AND COMBUSTION

Turbulent boundary layer-combustion studies have been initiated in

the Thermal Science Laboratory subsonic combustion wind tunnel. The goals

of these studies are first; to determine the response characteristics of

an internally cooled hot-film sensor in the combusting turbulent boundary

layer and second; to study the characteristics of the boundary layer

itself. In studying the probe, consideration will be given to its appli-

cation in determining both .mean flow quantities (velocity, temperature

and composition) and the character of turbulent fluctuations about the

mean values in terms of magnitude and spectral distribution. This program

is being carried out by J. W. Jones, as his doctoral research project.

3.1 Equipment

The cooled probe presently in use is a Thermo-Systems model HF-52

modified to a boundary-layer configuration. Additionally, a multiple

probe for measuring temperature, dynamic and static pressure and for

drawing samples to determine composition has been designed and will soon

be constructed. This probe will allow simultaneous measurements to be

made in the same horizontal and vertical plane. To date, individual

probes have been used to measure temperature and dynamic pressure.

The subsonic combustion wind tunnel and associated mass injection

equipment .sed is that which has been described in the previous sections

of this report.

For data acquisition and analysis a Thermo-Systems series 1050 constant

temperature anemometer with power supply, signal conditioner, linearizer,

temperature switching circuit and correlator are being used. The outputs

of the cooled probe-anemometer system are simultaneously recorded on a

Honeywell 7600 magnetic tape recorder and displayed on a Hewlett-Packard

Model 3400 A true rms volt meter. The anemometer system performance is

monitored on a Tektronix Model 551 dual-beam oscilloscope. Mean quantity

values are read out on a Honeywell Model 333 digital volt meter. The

spectral distribution of turbulent fluctuations is analyzed by means of a

General Radio type I800A ware analyzer. All pressure measurements are
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made with a Miriam Instrwient micromanometer.

3.2 Test Proacwdmr

To take best advantage of previous work accomplished at our facility

(AlSaji 2 " and Smith,30)a tunnel free-stream speed of 25 fps is used. The
injected nitrogen-hydrogen mixtures give F values on the order of those

used in the non-combustion foreign gas injection studies reported in the

previous sectians. j

Testing procedures are as follows. The instrunlentation reference

values and calibrations are checked. The tunnel is started and the

flow velocity established. The injec'ion is started and the

nitrogen and hydrogen flow rates established. The injected mixture is
then ignited in the tunnel. Once initiated, the combustion in the boundary
layer over the porous plates is self-sustaining. The tunnel is

alloved to run until the plates reach thermal equilibrium. This is

oetermined by monitoring the output of thermocouples imbedded in the porous
plates. It should be noted here that there is a considerable temperature

gradient axially along the first plate. However, temperatures along 4

the second plate are relatively constant (+ 30°F). All boundary-layer 4

profile measurements are obtained at a point midway in the secrnd plate.
(see Figure 14). The y-distances are measured from the plate surface, the

x-distance from the point of initiation of the turbulent boundary-layer

ane all the present profiles are on the lateral centerline of the test

section.

3.3 Teat ReeuZt8

To date all tests have been run at U- = 25 fps. Preliminary tests

have been conducted to determine the injectant rates and composition which

will provide a combustible mixture. It was found that if combustion was

initiated with the free-stream velocity decreasao to about U- = 14 fps

and gradually increased to the test U- - 25 fps a mixture with -2% by mass

hydrogen with F = 8.24 • lO- would give self-sustaining combustion. Most

tests to date have been run with -3% by mass hydrogen mixture with

F * 11.9 x 0"s. Future tests will extend the range of mixtures used in

both composition and injection rate.

The cooled probe has been used with both water and nitrogen employed
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as a coolant. The nitrogen coolant gives greater sensitivity but cannot
be used in high temperature regimes in the present probe. On the other

hand, the cooling capacity of the water is such that the probe may be
used through the combustion zone. However, with water cooling, the

present probe is not sensitive to a change of velocity at the low

(U- = 25 fps) velocities presently being used. This does have an advant-
age for the preaent in that it eliminates one variable in interpreting the

probe output. Temperature fluctuations are sufficiently strong that
the water-cooled probe has very adequate sensitivity in a

combustion environment. Other possible cooling fluids are being considered.
Examoles of probe output are shown in Figure 15. As the rate of energy

received by the sensor (or given up by it, depending on the relationship

of the probe surface temperature to the environment temperature) is
dependent on local concentration as well as temperature, the fluctuations

shown are not solely due to temperature. Observation of these traces

show a basic change in the character of the phenomena with distance
normal to the surface. In cooler regions of the flow, the traces show a

predominately high power dissip3tion with spikeý wvhich indicate "bursts"

of higher temperature gas brought to the probe by turbulent motion. In
hGtter regions of the flow the trace shows a predominantly lower power

dissipation level with spikes in the opposite direction indicating
"bursts" of cooler gas passing over the sensor.

Dynamic pressure, temperature, and energy flux profiles have been

obtained for the case
(ov)w 18.70 x 1O31bmihr 2 sec,

F 11.9 x l103

with an injectant composition as follows:
Mass Volume

Hydroqen 2.83% 28.8%

Nitrogen 97.17% 71.2%

An example of a mean temperature profile obtained with a 0.012 inch
diameter cromel-alumel thermocouple probe is shown in Figure 16. The

variation of boundary-layer composition and velocity also affects the

b-36
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Figure 15. Typical oscilloscope traces of the outout of the
water-cooled film sensor in and near the coabustionf
zone. The upper trace indicates the response when
the probe is outside the zone, while the lover trtce
indicates the eesponse of the rrobe in the zone.
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the themocouple readings and thus Figure 16 does not give the true

values of the local mean temperature. It does, however, give an important

first look at the enviroment and better than an order of magnitude look

at the temperatures. The dynamic pressure measurements will not yield

the velocity profile until the concentration profile is determined.

A significant benefit of the present tests has been to obtain a

familiarity with the equipment and instrumentation being used. Another
important contribution is that sufficient data on operations and environ-

ment has been obtained to map out continuing careful studies of both the

cooled-probe and the combusting turbulent boundary-layer.

3.4 Continui•n Work

With the use of the multiple head probe mentioned in the equipment

section and the cooled-probe anemorveter system, the characteristics of

the cooled-probe will be determined. By varying the probe surface

temperature, coolant and the composition and temperature of the boundary-

layer, the effects of composition, temperature, and velocity on the total

energy flux to the pi'obe will be studied. 2 7) In this process a great

deal of information on the boundary layer behavior will also be obtained.

The distriution of turbulent fluctuations, both spectrally and with position,

will be studied.

The variation of total energy flux to the probe is equal to the

decrease in the amount of power re uired t.ý -aintain the constant probe

surface teiperaturp In turn, this energy f.h*. may be related to the
probe environment by expression such as those qiven in References 28 and

29. From Reference 28 for heat transfer to a small cylinder, the heat
transfer correlation may be written, as

Nu Constant e 01

Re'P~ Oro 1

wtie re
Q total energy flux

0 • probe di adter

a• local environment density

10-141 Onvi ronfnt, vdscoýM-Y
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Cp - local ervironment specific heat

k - locaý environment thermal c,;nductivity
(h ) - h -) enthalpy potential between environe•rt

and pro~b surface

From this it is clearly seen that variations in temperature, veloiity
and pressure all interact to a large exter' and affect the heat transfer
rate. By the means prevlously outlined, it is these interactions that
--rz +0 ke studied.

Addit.onally, since heat transfer is the quantity of ,major interest
inpten involving comnbusting turbulent bnu-,•--•-ary layers, the ability to
directly measure heat flux from the environment provides a powerful tool.

The rmajj ;oals of this work are first; to gain sufficient inforwatilzn
-ri the cooled Probe characteristics to determine its most effective use
in this and other combusting turbulent boundary-layer environnrnt-s, and
second; to provide a better understanding of the phenomena occurIrng-
In a combusting turbulent boundary layer.
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4.0 SUPERSOrC COMBUSTION BOUNDARY LAYER

The growing interest iii very high speed, high altitude flight has 4
opened a new realm of propulsion analysis. The achievement of high speeds

at high altitudes requires a powerful propulsive unit or engine. To date

the rocket has served well in this area, but as the demand increases for

more efficient means of propulsion, the oxygen of the atmosphere will

haye to be utilized. This has led to the consideration of air breathing

engines for high supersonic and hypersonic atmospheric flight pr op•i-.

Studies have shuwn that the potential performa.r.e of the supersonic com-

bustion ramjet (scramjet) far exceeds the perfot'nian-Ce of even the mos,

efficient chemical rock:.

In order to investioate ?m •ditions encountered and the problemstow re ove com si ul t thesew

to De overcom irn this e- . it becomes necessay to simulate these

[ conditions in a i- .1cility. Since no one facility can reproduce all

the con$~ti% -i... ' tn be eci•-.ntered, it is necessary to devise

di 'Virent but co pli.•.t-ry ficilties.

ýigure 17 -i-•istrates the general air intake procedure for a typical

scramiet engine. The geometry illustrates how the simultion is possible.
The air in the combustion chamber has passed through one or more oblique

shock waves to decrease the speed from that of the fref stream and to

increase the static pressure and temperature. The free stream Mach number

is still greater than 1, heuce the combustion pocess will occur in a

supersonic air stream.

A recent Fp-er by Henry indicates th,it the most pressing problems

to be solved aie concerned with •he processes of mixing. ignition, and

combustion of the fuel and oxidizer. It has been found that more efficient

mixing occurs when the fuel is injected radially into the air stream,

b4t significant stagnation pressure and axial thrust losses are incurred.

A minin stagnation pressure loss is realized, along with a significant

increase in axial thrust, when the fuel is inje-=ted alg-ng the axis of the

combustor, with mixirg allowed to occur through a turbulent diffusion pro-
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FLIGHT MODEL

Fuel

1=3 4

LABORATORY MODEL

Station
1 Ambient region (flight) or air

heater (laboratory)

2 Inlet region (flight) or settling
chamber (laboratory)

3 Combustor inlet
4 Combustor discharge

Figure 17. Typical flight and l&toratory geometries employed for hypersonic
flight simulation.
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cess. However, the process of mixing for this case is so slow that exor-
bitant combustor lengths are required. Hence, an optimum fuel injection

method must be found. Because of an insufficient amount of design know-

ledge concerning turbulent mixing and combustion phenomenon, such informa-

tion will, of necessity, be found experimentally. The facility Installed

at the University of Utah has been designed to obtain such information.

The design, installation, and calibration of this facility has been
carried out by R. W. Harmer and D. L. Boyd.

In the simulation of conditions occurring in the combustor of a

scramjet, it is not necessary to duplicate Mach number or velocity. It
is more important to duplicate static pressure, static temperature, arnd

residence time of the fuel and air in the combustion chamber. With

these requirements in mind, the capabilities of the system may be
examined. The nozzle blocks available to the supersonic combustion channel

have been designed to provide test section Mach numbers of 2.5 and 3.0.

In addition, the tunnel plenum chamber, diffuser, and exhaust system have

been designed for a steady-state operation at a temperature of 3000R and
a stagnation pressure of 200psia. With these basic parameters as a

starting point, Table 1 presents the simulation conditions that would
be selected for auto-ignition studies of hydrogen using the Mach 2.5
nozzle.

When completed, the facility will have the capability for simulating

the combustor environment for a flight Mach number of 12 at an altitude

of 130,000 ft. The present capability of the facility is also presented

in Table 1 and indicates a capability for simulating flight Mach

numbers of 9 and 10 at flight altitudes of 80,000 and 120,000 ft.,

respectively. This restriction is introduced by the utilization of a

natural gas-fired burner In the pebble-bed heater, which produces a

maximum bed temperature of 2600°R. This can be overcome by utilization

of a propane-fired burner with oxygen enrichment.

The tunnel calibration, using an open-Jet test section, is underway

at the present time and should be completed in the next quarter.

A listing of the facility components is presented ir the next two

iocttons.
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4.1.1. Tunrel Inlet Pressure and Heater System

The following listing describes the equipment which is presently

utilized to provide the pressure and heating cpapbility for the

supersonic flow facility.

1. Compressor: Gardner-Denver two-stage piston compressor,

designed for 350 psi maximum pressure, delivers 350 standard

cubic feet of air per minute, shuts off approximatel. .when

receiver tank pressure reaches 350 psi and restarts at 320 psi,

2. After-cooler: Heat exchanger designed to remove heat put into

air from compression.

3. Ol desiccator: Designed to handle 350 standard cubic feet of

air per minute compressed to 350 psi with dry-o-lite activated

alumina desiccant.

4. Receiver tank: Designed for a pre.sure of 400 psi and a

temperature of 6500F.

5. Air dryer: Desiccant dryer designed to handle 350 standard

cubic feet of air per minute al 400 psi.

6. Storage tanks: Eight cylindrical tanks of approximately

52.9 cubic feet each with a total capacity of 423 ft. 3 ,

rated at 2800 psi. presently used to 350 psi.

. Storage tank shut-off valves: HAnd-operated 3000 psi, Iih"

gate valve. Two Glove Pressure Controllers for inlet pressure

r'sulation, from 3000 psi inlet to 150 psi outlet.

8. Pn-matic inlet valves: Four pneumatic inlet valves and one

pe,,le-bed bypass valve (two 3", one I", one 3/4". and

one I½" bypass) are hand loaded wit0 air to open.

Valves are installed with upstream pressure on top of the

valve seats. One 3" valve iS auxilIarsy and is not presietly
connected.

9. Orifice Plate- A 3/4" alumit: plate vith a 0,9.3* ditmer

orifice is located upstream of the pebble-bed anIdownstream

of the control vaIves to ltr flot w forsafety purposes.-

10. Pebble-bed heater:i A natural g•s fired pebbleI4ed heater

NM -
0 * . .



with 1" dimeter alumina pebbles, designed to deliver

2600°R air at 300 psi.

11. Pebble-bed exhaust valve: Hand-operated 250 lb, 4"

glove valve.

12. Pebble-bed gate valve: Crane hand-operated, 250 lb., 8"

gate valve.
4.1.2 Mltreem Flow and Test Sytem

The basic hot flow system, downstream of the pebble-bed heater,

consists of the following Item:
1. Hot gas valve with cooled body and flanges.

2. Plenum chamber with settling screens and bypass air Injector,

made of 304 SS and completely water cooled for steady-state

operation at 200 psi and 3000°R.

3. Transition section for adaptation to rectangular nozzle block

made of 304 SS and completely water cooled.

4. Nozzle blocks for 3.0 and 2.5 Mach numbers made of 304 55

completely water cooled and prestressed for hot operation.

S. Free Jet test section with access ports for various

calibration probes and test probes. Equipment is

fabricated to be readily adaptable for full length

test section to study reacting boundary layer with

mass injection.
6. Diffuser section made of 304 SS and completely

water cooled

7. Expansion Joint made of 304 SS and completely
water cooled.

S. Cooler which Is couhterflow 128 tube heat exchanger

rated for : T0 /sec. at 60 tpm water flow rate.

0. FJ or systi to-permit control of the compression
ratio of the wind twwnl andto assist In roducng

the exhaust steck temperature.
10. Probe positioner with clutch operated senr-motor,

potentiomtor, and 0.O01cmntrol vernier with

zero beck hb-4



4.2 Channel

Figure 18 presents a schematic diagram of the supersonic combustion

boundary layer channel to be fabricated and installed during the next

year. This channel has been designed to allow probing of the turbulent

boundary layer with injection and combustion which develops along the

top wall of the channel. The test section dimensions would be as follows:

Height - 1.50", Width - 2.75", Length - 21.0". The top wall would
include a porous plate with dimensions of 2.25" in width and 15.0" in

length. The porous plate would also act as the bottom surface of an

enclosed fuel injector hood. This hood would be treated as an energy

and mass control volume for the evaluation of surface heat and mass

transfer.

It is anticipated that the use of this supersonic combustion channel

would allow the acquisition of accurate turbulent mixing and combustion

data, along with pilot ignition characteristics for application in the

design of supersonic combustors for flight in the KMch number range from

5 to 12. It is also anticipated that the cooled sensot." employed in the

subsonic combustion wind tunnel will be incorporated into the testing
program for this facility.

With the developent of this proposed test section and its incor-

poration into the existing wind tunnel facility, a capability will be

acquired by which information may be obtained concerning basic problems

cf mixing, ignition, and combustion in supersonic flow streams. The

oequisition of such information $1Oud provide a more complete formulation
upon which future designs of suporsonic cqmbustion propulsion systems

b-9
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PREFACE

This task involves an investigation of the thermal response of ablative

materials to the mechanics and chemistry of combustible gas flow in certain

components of a rocket motor system, as, -for example, nozzles. Particular

attention Is being focused upon matters which have been largely ignored in

the past:
Phase I: The interdependent effects of pyrolysis, surface

chemical attack, and boundary layer combustion

Phase 1I: The kinetics of subsurface reactions

Phase III: The effects of surface-active agents to minimlz3

and make more uniform the surface attack.

The general approach being taken involves an understanding of the
important kinetic, transport, and surface effects at a molecular structure

and interaction level. Unlike most previous ablation studies, chemical

catalysis is being utilized to provide additional degrees of freedom

towards the development of more efficient ablative structures.
During the 1967-68 academic year, effort was initiated on Phasez I

and II. Some background discussion and details of the accomplishments to

date are presented in subsequent sections. A laboratory for the fabrica-

tion and bench scale evaluation of ablative composites has been completed.

In addition, the use of a specially designed tunnel (with an adjacent

control room) for hazardous experiments was secured for the installation

of a hybrid rocket testing motor and a hot gas flow facility. These

facilities are described below under Phase II. Effort on Phase III was

begun only recently. Hence only some background material and the results

of a brief literature search are presented at this time.

Before discussing the component phases in detail, it should be noted

that all of them comprising TASK 3 of Project THEMIS are closely related to

TASK 2 which deals with gas flow and heat transfer. In particular, the

knowledge gained concerning chemically-reacting boundary layers will

provide an essential interface, and the high temperature supersonic
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flow fac tO cumntly being installed under Task 2 will prWovde a well-

cOnrlled eOvironi~st for ablative material response studies. In addition,
''the consul~ttve tisistance of Professors R. H. Boyd, H. EyrWngi and J. H1

Futrell in the" areas of polymer chemistry and physi.cs, themical reaction[anisms and •ass spectroscopy, respectively should be acknoirledged,

especially in guiding the experimental' work. Professors A. D. Baer and

N. W. IRan's broad backgrund in Folid propellant combust•on has also

provided an important contribution to our progress,
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1.0 PHASE I INTERDEPENDENT EFFECTS OF PYROLYSIS, SURFAC CHEMICAL
ATTACK AND BOUNDARY LAYER COMBUSTION--N. Burni"fham*

1.1 Introvd6ction
The ablation of a reinforced plastic is a highly cot~lex phenomer-'n

involving coupled mass, momentum and energy transfer mechanisms. Since
materials may ablate by melting , sublimation, vporization, internal and
surface chemical reactions, or by any combination of these physical and
chemical processes, a description of the ablation process requireis an
analysis of tOe energy sid mass transport within the ablating material
coupled with the adjacent boundary layer.

The objectives of this phase of the Task 3 program are the investi-
gation of the thermal response of ablative materials to coupled environ-
ments, including inert and combustive atmospheres. Thus, the interdependent

effects of transpiring pyrolysis products, surface chemical attack and
boundary layer combustion are being studied. It is anticipated that
sufficient data will be :ollected on ablative materials properties and
thermal response that an existing digital-computer program, discussed in
in Appendix B, can be utilized to predict and optimize thermal response
of ablative materials in a variety of environments.

The experimental work of this phase of the Task 3 progr4m is proceeding
In three areas: a) determination of the kinetics of pyrolysis and
identification of pyrolysis-gas species, h) ablation experiments without
environmental coupling and, c) ablation experiments with environ•ental

_1

• .-- WW BroGM- 9am received a B.S. degree in Chemical Engineer-
ing in 1960 frmPrinceton Uiversity with honors in Engineering, and an
N, S. degree in the sam* field from the University of Denver in 1965
where his thesis was entitled "Analysis of an Inte-nally Ablating HeatShield." He has also attended the Univorsity of Colorado and the
California Institute of T•chimology. From 1961 to 9•9., he was employed
by the Martin Ctipany, where he made significant technical contributions
in the re•-arch and 4evelopment o advanced high temperature composite
materials. Since 1966, he has been ;n leave from the Martin Company to
pursue a Ph.D. d Mre at the University of Utah. Ne began work on Project
THEMIS in September l967.
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coupling. The kinetics of decomposition is being investigated by thenno-

grsavi•trtc (lA) and differential thermal analysis (ITA or DSC) techniques.
Pyrolysis gases from test samples will be collected and identified in a
mas spectrometer. A study of ablation without coupling will be conducted
in an arc-ime fu•ace (descrlbed under Phase 2) with an Inert environ-

rent. Rusults of these experiments should permit the establishment of a
bass line for the thermal response of ablative system. A hot-gas-flow

facility (described under Phase 2) will be utilized to study the effects

of environmental coupling on ablative performance. It is believed that
a sufficiently simple experimental procedure will be found such that the

coupled effects can be treated singly or in a sequence and thus permit

individual evaluation.

1.2 Potn Pyolysis

To date in this program, the princal emphasis has been placed on the
development of TGA techniques and their utilization to understand the

kinetics of decomposition of resin materials. A vital part of the kinetic

analysis Is the identification of the decomposition gas species. The

effluent gases provide the best key to preciscly specify individual de-

composition reactions. It is also essential that pyrolysis gases be

completely identified in order that the chemical reactions between
decomposition gases, char and boundary flow species might be studied.

One critical question which must be considered concerns the
epplicability of TGA data to rocket nozzle liner applicationi. Theor-
grarimetric analysis does provide a means of carrying out the pyrolysis

reactions in an inert environment which simulates that of the pyrolysis
zone. Also, the TGA method provides a programed heating rate envtro,~nt

which form the ch a, and permits the gases to escape at pyrolysis temper-

aturfs with essentially no secondary cracking and. hence provides a direct

rtaSure of primary char formation.

e gisential difference betwee.n TGA tests and an actual ablation oase

Is the heating rate. In uual TGA experimnts, temperature rise rates of

samples-are 'n the order of 10 to 30 C per minute while in an actual

ablation application tet, temperature rise rates of SUP00 to 8W00 0 C per

minute can be encountered.

C-2
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Some authors, therefore, have corncluded that TGA data may have no
direct connection to material responses in normal ablative conditions.

For exapple, Melnick and Nolan( 1 ) have developed an apparatus capable

of conducting TGA-type tests on large samples at very h -h heating rates

and have compared kinetic parameters (assuming a single chemical reaction)

for customary TGA heating rates with those obtained in their high heating

rate system. Tremendous disagreements in the values obtained led them to

the conclusion that no correlation between the two types of test existed

and that the normal, low heating rate technique is invalid. However, In

reaching this conclusion the authors have conmitted several vital errors

which are believed to negate their conclusions.

First, they fail to recognize that several distinct chemical reactions

were occurring whose cumulative effect is represezted in their thermogrea.

Of particular significance for their composite system of nylon-phenolic

is the fact that the two constituents decompose essentially independently

over different temperature ranges. Furthermore, the phenolic constitutent,

as discussed below, decomposes by at least two different types of reactions.

They next compare data from a short duration heating rate test, for which

it is very unlikely that sample temperature was either uniform or equal to

the programmed temperature, to results of a low heating rate test of

extended duration. The high heating rate test, therefore. strorngly

emphasizes the early portion of the thermogram giving overwhelming

predominance to early reactions which may have radically different kinetic

parameters than the effective overall kinetic parameters for all decomposition
reactions representing the entire therogram.

On the other hand, other authors conclude the equitvalence of high

and low heating rate tests. Parker and Winkler(2) tested a varietv of

phenolic resins and determlned char yields for heating rates up to 26

Cal/Cl 2-sec,, They observed that char yields were essentially the samw as

tncse for TGA tests. Thly tentatively concluded thae primary har forming

processes for phenolics are Independent of polymer heating rate over

t.meroture rise rates varying from 20 to SOM°C per minute. The fallacy

in this conclusion is that the final amo.nt of char formed is .-ot a

sufficient measurement or indication of the detailed kinetic processes

which have occurred. It is conceptually possible for the kinetic mechanism

C-3



to very an still yield approximately the same wount of char.

We are finally left with the conclusion that the question of the vall-

Aty of o9Pn Try IMA tezts is yet unsolved, and therefore we ýelieve that

j frther inveStqatlon 1C required.

1.3 kassin **,tmw

Tl resins whih are being evaluated in this program have been se-

locted to prvvide s bi-ad variety of che•ilcal types including those in

presat w)errl use as well as some of the most promising new resin.

use of their 0lImst universal application (novolac) phenolics and

such as p-polypherylene, polyphenylene oxide. ;olyimides(PI), Dolybenzird-

dozola (PBI) and nther heterocyclics such as polyazomthlines and

polyingdazopyrroloms a•r considered. Sow of these polymeric structures

are shown in Table 1.

Certainly the most widely used resin, system in ablative applications

ha, ben the phenolcs. Their broad utilization has emcouraged the

dmlopment of an extensive literature on Oenlic ablation. Now-

ezvr,• ven for these best characterized ablative resin. mar* questions

rmuin unwa red.

Phenolic resins as a group of comq-mm-s include a considerable number

of me~rials which are sodifications t bh origiilni phenol-forrAldehyde

condunsation polymer. As A Class ese polywers are readily available

froo r•mms stipliers. PH-wivics have excellent molding and laminating

properties and exhibit desirable strength characteristics. The ease with

which phenolics can be sactessfully oobined with marl types of reinforce-

ment to form effective thermal protective systee no doubt accosn, ts, in

J part at least, for their extensive usame. lowever, phenolic materials as

a class have relatively low char yields ranging from about 25-5%. Also,
while #ppi'oxl•u•tly 50% of the pyrolysis gas ii coqhosed of hydrogen, the

rminder 1s made up of considerably higer molecular weight gas species.

STherefre, phenolI cs do not exhibit the most desirable characteristics.

It is only recantly that the kinetics of phenolic thermal deowosition

has b"en to be understood. Early investigators studyifq the pyrolys s

of phmlic, alone or in coonution with a reinfOrnt, arbitrarily

characterized the kinetics of dcomposition by a single-step process.
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Generally, it ;e& assuned that the decomposition reactions were iriverIsble

and that homogeneous kinetics apply, Also, an eiirical, pseudo-order rate

expression of the classical form is assumed to be appropriate. Thus the

reaction :s described by th• generalized expression

1 dM

where the specific rate k is given by thp Arrhenius relation;

k A e - E/R7 i2)

taOe function f (WMo) usually has the form

fi(PE. : - Mr, n (m)

The combined expression is then,

dM =(MJM )r•Ae./P, (4)

0 .0

The kinetic parameters, -ictivation enErgy E, pre-exponential factor A, and
order of reaction r, dre then det2trined from the rate equation using TGA

data. The data qrocessing techniques are discussed in a later section.
Thýe particular asswred form of tOe rate equation given by Equation (4)

is generally attributed to H. L. Friedman(3) who seems to be one of the

first to have used and popularized it. Even though the form has been

widely used it is Npen to serious criticism. First, since there are un-

doubtedly several chemical reactions proceeding simultaneously, no single

rate expression could possibly account for them, except for considering

only a gross average of properties. It has often been observed that attempts

to fit phenolic decomposition in this way have been less than successful.

For example, the evidence of TGA weight loss curves for phenolic clearly

indicates that at least two major reactions are occurring. Curves shown

in Figuve l for USP 502 phenolic obtained with the TGA apparatus describe

below are of the same form as those obtained by Goldstein.(4) The complex

I curvature of these thermograms indicate at least two principal weight loss

regions. The kinetic parameters obtained assuming a single rate law have

no obvious connection with the physical meanings normally associated with
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them.

Recently some investigators have used the form in equation
(4) but have applied it separately to the major reactions observed.(4)

Goldstein has successfully applied a rate equation of the type of

equation (4) to the decomposition of CTL-0ILD phenolic by using it

twice, once to each of the predominant reaction regions he iden-

tified. After determining kinetic parameters, Goldstein was then

able to predict weight loss curves with greatly increased accuracy.

Kratch and co-workersis) have extended this idea of multiple re-

action mechanisms to include a combination of three basic reactions.

Another way to analyze the decomposition reaction is to find a

model which describes the process on a macroscopic scale. One such

model has been successfully used by metallurgists to predict theral

decomposition of explosives. (2 0 )

Consider the decomposition reaction as occurring by way of an

activated state at the interface between a newly fotimd product

nucleus and the initial reactants. The nucleus grows as a sphere

of radius, r, as the reaction proceeds. The rate of reaction is

proportional to the number of reactant molecules. Therefore, it

,an be written

- • k(5)

where the quantity n is the number of reactant molecules, A2

is the molecular area of the activated state, and k is the reaction

rate constant.

Maximum interfacial area is reached when r - ro, the radius

at which the growing spherical nuclei touch and begin to overlap.

The fraction reacted, R, is the ratio of the sphere of products of radius

r inside a sphere of reactants of radius ro. For N nuclei
0 0

R= NO 4/3wr3  r (6)
N0 4 r0o ro0
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fl* mer of reactant molecules is obtained by subtracting the sphere

E #rodcts from the sphere of reactants and dividing oy the molecular
volme

4 4

- (7)

Differentiating equation (7) and equating the result with (1), the
expmssion for the rate of growth of the nuclei is obtained

dr 0 (8)

According to this equation, the radius varies linearly with time.

If equation (6) is differentiated with respect to time and

combined w•Ith (4), the result Is

dR R/ 3  (9)/

ro

When Equation (9) is integrated

[ ~ R1/3- _ k (t-to) (0

Thus the fraction reacted to the une third power varies linearlyL.J&L 4k J d R

W , IWI uenw.

The fraction reacted is related to the masured weight by the

ratio of the weightloss.Aw, to the weight loss at the Inflection

point, awt. Thus

R. 1 - /w (11)-

and

c -10
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(0- w/) = k" (t-to) (12)

Values of k are evaluated from a plot of equatior (12) which only

applies to the inflection point of the weight loss versus time

curves.

For re3ctions beyond the inflection point, a similar but

more cumbersome derivation gives an equation which aprlies to the

rest of the reaction

- W/W0Wf/wo k2 (t-to) (13)

Wm/Wo - wftwo

where wf is the weight at complete reaction.
This type of an approach would be useful in analysis of rate of

char formation in ablation if a single reaction were occurring.

Occasionally phenolic weight loss curves do not exhibit the
complex curvature illustrated in Fig. 1. Such data may be in ý!rrnr

or they may be correct representations for a different form of

phenolic. In either case, these considerations indicate a need for a

mechanism of decomposition. Knowledge of a mechanism would permit

direct formulation of a rate expression.

Such a detailed mechanism has been proposed by Parker and

Winkler( 2 ) to explain the thermal decomposition of phenolic polywers

in inert environments. These investigators suggest that the thermo-

grams obtained from TGA analysis of phenolics can be explained by

assuming that the stable chars observed result from the coales-

cence of certain benzenoid structures in the principal chains of the

polymer. They suggest that the initiation step for the pyrolysis,

given as (1) in Fig. 2, is the homolytic scission of the carbon-

carbon bond connecting the aromatic pendant group to the main chain.
Thermodynamically, this bond is the weakest C-C bond in the chain.

Pendant group elimination can occur on either side of the single

bonded phenol ring to give both a phenol radical and a cresol radical

(Il1 and 111-a). Next a rapid abstraction of hydrogen atoms follows

c-il
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to give phenol and cresol as primary products. The free radical main

chain intermediates (II) and (IV) formed are expected to rearrange to

give intermediates (VI) and (VII). It Is postulated that char for-

mation proceeds through a stable intermediate, shown as (VIII), formed

by termination of the main chain radical pairs (VI) and (VII). The

formation of this stable bond prevents elimination of those aromatic

rings initially bonded by two or more methylene groups in the prin-

cipal chain. Thus, only those phenolic ring structures which are

multiple bonded in the virgin polymer are retained in the thermally

crosslinked intermediate, which loses metliane and carbon monoxide

above 50)C to give unstable char. Thermally stable char is depicted

as forming by continued crosslinking of the aromatic rings in char

(IX) with elimination of hydrogen and water. The final char retains

only those aromatic carbons multiply bonded in the original polymer.

Parker and Winkler apply their proposed mechanism to other published data

with considerable success. Certainly the proposea mechanism is an im-

portant step in understanding phenolic thermal decoaposition.

The mechanism of Parker and Winkler is somewhat different than

another proposed by Madorsky(6). Madorsky suggested th!4t the primary

mechanism of thermal degradation was the scission of bonds as indi-

cated by the dotted line,

__cH2 4 .i

0H H
OH

At temperatures of pyrolysis of about 360%C he determined the main

volatile constituents to be acetone, propylene, propanol i&J butanol.

The compounds CH4, CO, CO2 were thought to result from the complete

breakdown of the benzene ring at between 800 and 12000C. The free

radicals resulting from this thermal cracking could either recombne

or strip the crosslinked residue of hydrogen and oxygen.
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The bio mechanism differ on the location of initial c4Sain
$dSUMam on #0. source of such gases as C020 CO. and CH Al so

Poftew' aaO inkler detected phenol and cresols which were not ob-
seved by dR#&"k~y. The rearrangement proposed by Parker and
Vtnkir yielding chor is also anlother significant difference. Even
th~ough the methanism of Porker and Wi nkler seems to fi t more data
betftew then Nedorsky'ss' nei ther approach can be completely rejected.
D)i ffreicas in basic Polymeric structiws and methods of gas aralysis
cmi-d, easily have' contrlbuft$ sone of the differences between the

In~ generall, the reinforoemmtts' used 16 conjunction with a resiln
in cOqstt fabrication have little efifeict on the thermal response

of themrein',ý In the cast of nylon-phenolic composites, the total

41tormil-ed thaewgres for the n~ylon and the phenolic. However,

for tilica reinforcements a series of highly endotheWic reactions witUS
cro aepsblat pat -yralytic conditions, which can signifi-

cantly -alter" ft abltio. r" poe characteristics. A more comlete
d'scussion of these 'reactions is qhien in Phase It of this report.

The poxtes represent another clarts of materials which has been
exietveIy usd 14 thermal prote tive systems. Like the phenolics,

t .-v ý**e ly available~ir imAny modified forms are generally
easi yý mled ani laminated, and -re chemically and mechanically
camatible. vith essenttially any reinforcement.

L01ss is k,*atn of the exact natuire of the pyrolysis of epoxies
tWa is the caso for phenolics. Xao detailed mechanism of deco..-
poiltion- has batin proposd. Howevr, several studies have successfully
Correlated epoxy structurtil types and curing agents as a function of
the tur yi~ld'7  Prem~ing has studied ten diffeerent epoxy types

0ý41ctit, o ith nine curing agents and has tK~n able to predict
char yield) Char ytelds, for epxies are gienerally much lowr than
44or Ommetelims ran.1 imf f vow 10% to 20%.

Tp ý MoltioA of an epoxy illustrates on* of several types of COWp
JI-- of. dasirablo povperiis wich occur in ablation systems. Ideally

80 oultP, O dewpis* producing a largr- quantity of low molecular
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weight gas so that heat blockage by mass injection into the boundary

layer will be maximized. At the sane time the ideal ablator would

form a tough, stable char layer in order to maximize heat blockage by

minimizing heat conduction .o undecomposed ablator and substructure.

In actuat cases it seems that the ablator characteristics

obtainable represent a trade off between the desirable extremes. Thus,

systems which produce the best chars usually produce less voluminous

gas decomposition products. In the past several years, the greatest

advances in ablative systems have been made by the development of

new resins which are stable at much higher teperat..res than previous-

ly possible. Also generally characteristic of these new high teqper-

ature resins is their highly aromatic or heterocyclic nature which

produces a high amount of char residue. Included in this group are

the polyphenylemnes, polyimides, polybenzimidazoles, polyimidazopyrrolones

and polyazomethenes. There are obviously a large number of specific

polymer formulations possible within these class types. Work has

been done on a number of specific examples which seem to have out-

standing properties.
Polyphenylene structures have been investigated by Vincent( 8 )

and have been observed .- form a hard dense char layer as they degrade

essentially by the elimination of hydrogen. Parks~g) has conducted

an extensive comparison of eleven resins likely to exhibit desirable

ablative properties and has ranked them according to uss loss rate,

erosion rate, char formation, mechanical str-mgth and TGA performance.

The outstanding resin studied was polybenzimidazole (P8I) which was

ýiuperior in almost every test. howevr, Dickey and co-workers(lO)

al5:s investigating PEI resins, showed that conventional PSI resins

degrade rvipldly in air environwnts by the oxidative scission of the

imidazole ring at the - NH g9,-up. This decomposition produced no

char. When the PB1 was thermally crosslinked by the elimination of

the -N group, it showed a resistance to oxidation similar to that

of graphi ". Also, recent advances in resin technology have reduced

the difficultles in fabricating with PBI which once limited this

resin's .&sv'

Many heterocyclics are presently being investigated and reported

c-15
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tn the 11terltm•.(•1' t2) The most pr•tstng of these hey polyn•s

vtll be Included tn em!uattons conducted tn thls IX•grm. One of the

I•rY $ellctlon c•Iterta imt necessarily be the processabtltty

and greets1 handltng charactertst|cs of • candidate res|n. Several

restns v!ltch seem to have excellent ablatton prope•.les •m so diffi-

cult t• handle that tt •s esse.ttally tmosstble 1:o use th• tn cam-

•ttes. Recognizing thts dtff|culty, chmdsts are • mdtfytng
Siblattm structure to •nt•nce process•btltty.(12)

A comet to •htch the plasttcs tndustry has devoted 11tt.1e

attention thus far ts the possibility of cat•!yz|ng destred pyrolysis

•'t•ons. The catalysts o• the endother•lc s!l•ca-carbon reactt•s

ts such an ex•ple. The appropriate select|on of beneftc|al char

ructta•s r•er tt• •roflt•b•e •x•ttt• would cer'catnly en-

hH the per•.orlM•Ce of S •gle ablative restns.

1.4 /b•n•'o•m• •

The fabrication of efficiently ablattng cmposll•s of the best

•1• s•s*.,•s mvtouslv requtres a htgh pe•omanoe relnf•rcemn•.

Two re•nforc•ts haw to date far surpassed all others In this

re•rd: •-•h1• (c•rbon) and htgh stllca. Both of these mt, ertals

C•)|lle characteristics of h|gh strength, h|gh taliper•t•re s•b|l•v

and ease of fabrtcabtltty. The vmrk done tn thts progrN •11!

u•ltz• prlnc!#ally these t•o relnfor'cments.

Other reffictory •lnforcemnt3 such as •|rcml• and mgn•sta

have I'd, on used In high t•mpera•u•e appl|cot|ms tn ctmb•mlttue vtth

pi•11c and epoxy resins. Itam•r. fabrtcs*.•! o0q•t•es |ncor-

porattng these retnforcem•ts •d•tblt. poor str•ctw•1 strtmgth •d

am •n general •nfer!or !. perfom• to gn•!•e •1 s•ltca

reinforced coW)ostt•. Further adva•es tn the pmpe•ies of U•e

mterta!s |s •x•oessiry before they vtli occupy • cowettttv• l•s•tto•.

/l•other rm•mt Mv•nc• •hlc• my al•r the pme•t coe•ts of

1•eml protection 1$ the •1•t•t of a 3-0 comp•jt•. LuHe •d
Sco-vorkers(!3) have fabricated strvctural ompostm •htc• have

i Inforammt t• three It•lly perlxmdtculir dlr•ctlo•s, These 3-0

i o0apostt• have outst•dtng str-dctwal properties and U•elr ablative

SC-16
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performance was about tho same as normally farcated sales ,tsing

the satz components.

1.5 TrG Vpamtu#

The thermogravimetric aialysis (TGA) system being used in this

program is built around a Cahn Model RG Automatic Recording Electro-

balance. This balaice as shown scheifatically in Fig. 3 is a high

sensitivity null point instrument irt which a ight source photocel'

is the aetector. An electromagnetic D'Arsonval movement supplies the

restorirg force. The loop gain of the servo system is in excess of

(000. so that the actual beam deflection under load is very small , and

the balancing torque is equal to the sample torque. The torque moto-

used in the balance is as linear as precise weights and precision

potentiometers can. determine. Thus, the balancing current 4s a direct

measure of the sample weight to an accuracy of bettr than _• 0.05%

and a precision of better than + 0.01% of full scale sample weigt.

The balance beam has three loops: loop A has a maximum load

of 1 ga, loop 8 load maximum is 2.5 gm; and loop C is used to suWrp t

tare weights for the other loops. The permissible we*i.t cha.rge is

0 to 200 mg for loop A and 0 to l000 mg for loop B. The smallest

weight change that can be reliably detected tiopends on total l10i,

but for small samples it is 2 x i0 gm.

The balance mechanism Is mownted in a glass vacuum bottle accessory

which permits oer-ition In reduced pressure or flmw-trouS ervironmts.

Samples are suspended in hangdown tubes whose size has •boen seleci?*d

to provide optimum sensitivity #nd miniuin noise for-,4ow thrg4.' ex-

periments.

Th Calm balance systes has been used extensively in hi.rp precIisoi

TGA work and has been sn$w to be st.W.• in a Oide ¢ariety of oaeratinr.

conditions. 1(I 16)

The fumace used in conjunction with the b•ln e-is a aUrsha 1l

No,6el No. TM)3 btse-wetal fumace with a raix.- operating te .ratur

of 22VOtF. The funlace has a heatfqg z-ero one foot ION. which is prn-

vided with shunt tps to efff:ctively contmr tSe temxrature pr4ifle

along the length f the furAace. Thus far -Oe ceintral 7-1ich section
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F~ISUE 3. SCHEMATIC DIAGRAM OF TH4E CAHN ELECTROSALANCE
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-f the furnace has been controlled steadily with a %ximum temperature

deviation of + 4.0'F. However, it Is possible to reduce the deviation

to approximitely + I*F, thus providing a large region of constant

thermal conditions.

The temperature of the Marshall furnace is controlled by an F & M
odel 240M--25 Teperature Programmer This co.tro, device has a true

p-oportional power output which permits smooth temperature programming

and control from ambient to 1000C. The sol4d state circuittry has a

maximum power output of 2500 watts. A teoperature sensitivity of less

than 0.1%C is possible. Iie controller can furction to provide con-

stant temperature operation before, after, or between programmed

periods. Programming rates of 0.5, 1, 2, 3, 4, 5, 7,b, 10, 15, 20,

25, 30'C/min. are available.

The output of the Cahn electrobalance takes the form of a DC

electrical signal which is the input to a Rosely Aiodal 7001PA X-Y

Plotter. This instrument, handling 11 x 17 in. paper- has input

sensitivity ranges from 0.1 mv/inch to 20 v/inch with continuous

variable control between calibrated positions. A ,ccy of at least

0.2% full scale, linearity of 0.1% on all ranges and an irtegrated

time base applicable to either axis-at speeds from 0.01 to 20

in/sec. are all within recorder capability. Figure 4 illustrates

the apparatus.

A great deal of effort has been directed toward developing

an efficient laboratory technique for TGA work using the described

system. Initially it was observed that building vibrations picked

up by the sensitive balance mechanism and transmitted to the re-

corder as noise completely precluded the use of small samples and

the high sensitivity ranges on recorder balance. A filter tuned

to eliminate noise in the region of 60 cps helped to reduce vibra-.

tional noise levels and also minimized ioise pick up due to elec-

trical ground loops. Isosdtion of the table supporting the TGA

apparatus by shock absorbing castors further reduced noise in the

recorder. However, normal building vibration can, 't times, still

lIimit the use of the most sensitive ranges.

It is desirable that TrA samples be as small as practicable
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I ~ FIGURE 4. "]GA EQUZIPMENT ASSEMBLY

c-20

I

j

I



in order that temperature uniformity might be closely approached and
temperatures of transitions more accurately identified. Sample sizes

on the order of 10 mg may be close to optimum for the system being

used. For resin specimens, test samples have been prepared by
grinding cured polymer and using the iowder fraction wh~ch passes

through an 80 mesh screen. Two typica" thermogram curves for
USP-502 phenolic resin obtained from 5C; mg powdered samples are

shown in Figure 1. The curves represent only preliminary information

as temperature measurements have since been improved.

Once TGA weight loss curves have been experimentally obtained,
the determination of the kinetic parameters, activation energy E,

pre-exponelti al factor A and reaction order n, can be accomplished
(3)by several means. The technique of Friedman will be considered

in detail. This author assumed that the following general equation

held.

! dw Ae-AE/RT f W O ( 4
( (o) -- f (w/wo) (14)

where w = weight or organic material, and wo original weight of

plastic. Taking logarithms of equation (14) gives

•n ~d [-( )( - A + in f (w/woA (15)

Values of (1!Wo)(dw/dt) are determined and plotted against I/T

as a function of (w/wo). The slope of each line is equal to

-AE/P while the intercept is in[A f (w/wo)]. The function f (w/wo)

is then assumed to have the form

f w ) [(w - wf)/wo~n

where wf is the final weight of char and n - kinetic order of re-

action. Multiplying the previous equation by A and taking logarithms

yields

in [A f (w/wo)] in A + n in [(w - wt)/wo] (16)
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A plot of tn [A f (w/wo)] versus tn [(w - wt)/woJ should then give
a straight line where the slope is n and the intercept is in A.

It should be noted that in the technique of Friedman all the
kinetic parameters are determined by graphical means. Another
widely referenced procedure Is that of Freeman and Carroll(17)

which is basically similar in approach to the one Just outlined.
Another example of a technique for kinetic parameter deter-

mination is the computer approach of Anderson( 18). The expression

used in this reference for the degradation of a reinforced resin
system is

-. p ( 2_.)' (1 - FRCO B e"(E/RT) (17)

where
p - density of a system at any time

P2 - density of remaining resin
pvp - Initial density of system

N - order of reaction
FRC ' mass fraction of resin that chars

B - pre-exponential constant
E - activation energy

T - local temperature
t a time

From TGA analysis information in the form of p/pvp * f(T) is obtained
for a fixed (dT/dt). The fraction of resin that chars can be ex-
pressed as FRC - pe -(l-F)pvp/Fpvp where pc - char density and F
resin fraction in initial system. The density of remaining resin can
be expressed as .

P pVp F pCp -- pC/pVp (18)

and finally in combined form
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d p dTBe- AT pvp (19)
i F _e_ 2. N (,. • .

N p vp pp p vp
FN(

)- F
pvp

This final expression is solved over small temperature increments by

finite difference techniques. The kiderson program computes Be"(E/RT)

as a function of temperature. However, 'he reaction order must be
assumed and the other kinetic )araoneters are again graphically eval-

uated. This computer techniqu.ie has been prepared and run on Univac

1108 for several groups of p'jblishe'1 data yielding kinetic constants

in reasonable agreement wit, tOe publishedI results.
The techniques of Fri,-dmn, r-reeman an6 Carroll, and Andersor,

may be taken as rer-resentative oi those types of TGA data analysis
which use the differential form of the rate law. They all involve

the inherently ,>accurate problem of graphical differentiation,

require constant rates of tempevature rise and utilize cumbersome

slope taking operations for determination of kinetic parameters.
Bec.-ause of these difficulties, the use of integrated forms

of the rate law are being considered. Such techniques avoid

graphical or numerical differentiation. The most promising general

approach appears to be the quasilinearization approach of Bell-

man.(21) This technique requires a reasonable initial guess of
kinetic parameters, but then systematically and rapidly converges

to optimized values.

The limitations and restrictions noted for the differential

methods are not found in the quasilinearization approach. No form

of differentiation is required, graphical methods are not needed

and greater versatility in experimental approach is possible. For

example, the requirement of constant rate of temperature rise

previously required is no longer a restriction. Temperature rise

may be programmed at varying rates in order to emphasize and permit
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accurate calculations of critical regions of the themogram. It
nsy even be possible to comine isothermal with non-isothermal con-
ditions during a single run. Once the data are obtained, the quasi-
linearization technique is handled coppletely on the digital computer
th5 4VoiJi'ng any intermediate hand manipulation.

1.6 Gas AnaZysiei

In conjunction with thermgravimetric analysis, two other types
of experimental analysis are required in this program. First,it Is;
necessary that the gas species evolved during the thermal decomposition
be Identified as a function of the temperature. Techniques of gas
chromatography and mass spectroscopy are both acceptable procedures

for this determination. Because of greater availability, a high
resolution mass spectrometer will be used.

Pyrolysis gases will be collected at reduced pressures in a
flow-through TGA apparatus. An inert gas, such as nitrogen, is
continuously fed into the flow-through system to prevent pyrolysis
gases from reaching the delicate balance mechanism and to act as a
collector for the gas species to be analyzed. With this approach,

it is desirable that the mass spectPrmeter be attached directly
to the TGA system or that chemical reactions between gas species
are frozen.

1.17 DS Ana4•ysi

A second experimental approach which will be used along with
TGA is differential scanning calorimetry (DSC). Available for use
in the Chemical Engineering Laboratory is a Perkin-Elmer differential
scanning ralorimeter, This sophistic~ted equipment permits 

the

measurement of the heat required by the various thermal reactions.
It should, therefore, be of great value in identifying the different

regions of a TGA therwgram. The work of Sykes and Nelson(Ig) is
an example of this use of OSC data.

1.8 Directi of inun Res•arch

It is anticipated that during the following year work on this
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project will include the identification of the effects associated with

the flow of a combusting gas past an ablating surface. The results

obtained from the Task II studies will be utilized wherever possible.

Specificaily, the followiag items will be completed.

1. Tnermolgravimetric analysis of ablation polymers will

will effected resulting in an identification of the kinetics of

pyrolysis. As a part of this analysis, pyrolysis gas species will be

collected and identified employing mass spactrometry.

2. Composite ablative samnples will be studied in an arc image

furnace to evaluate ablative performance in a non-environmental

coupled sitoation.

3. The hot gas facility described in Phase I will be used to

evaluate the thermal decomposition of polymers subjected to a com-

busting gas environment.

Ic
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2.0 PHASE 11 KMtZIT V, SUM$RFACE RAECTIONS J. hidley*

2. 1 11"tA-4"~im
For rw"*her short M.iods of time, of the order of one mrinute, str¢c-.

tures may be protected by ablative zaterials from continuous exposure to

high hoat fluxes and high tox-peratuires. such longer tifftes can be tolerated

tf the exposur* Is periodic or inte?%ittent. The most commnonly used abla-

tive materials for thrust-chamNber insulation and lining applications have

been oamposites of an elastomer and/or plastic reinforced with a more re-

fractory iaterial to support the resin and charred resin during the abla-

tio. process and hold the composite together.

One such coup~site, phenolic-silica, consists of a high-purity silica

cloth Impregnated with a phenol-formaldehyde resir, which is cured to a

tough laminated structure. Much research emphasis has been and is being
..applied to the development of ablative materials tailored to specific

appItcations.(a)

In use, ablative composites absorb incident radiative and/or con-

vective thermal energy to same extent by surface and internal '.ndot'hermic

chemical reactions. For composites containing plastic resin and inorganic

reinforcements, the followinq classes of internal chemical reactions are

thermod4fnamicaliy feasible,

1. decomposition (pyrolysis) of resin to form char and gases;e.g.,23)

CINMrsi r C1o000H66.101. 8 N2 )M char
S(H2 + 2CO + x3H0 + + x5CH,6 + x6 N2 + xI organic

SxsC' + x9!7 *0 aromeatics)gas (1)

2. thermal crv)Ing if. or reaCtionf &ig pyrolysis gases as they

percolate thrwagh the in}.ulative pofouw <har to the exposed surface

or the ablative compositt; eg.

• Mr. John 0, Chidley received a- .S. degree in ',emical Engineering from
the California Institute of Technology i-i 1965. Since then he has attended
the tl1versity of Utah wiere he is 3 .fa::idate for a Ph.D. in Chemical
Engineering. He began work or. this phase of the program in September 1967.
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CH4 (9) bC(s) + 2Y2 (g) (2)

Benzene (g) + 9N 9(g) • 6CH4(g) ; (3)

3. char oAldation of the pyrolysis gases; e.g.,

C(s) + Cu2 (g) ' 2CO(g) , (4)

C(s) + H NO() , CO(g) + Hg) ;(5)

4. reactions between the char and reinforcement; e.g.,

Sio 2 (s) + C(s) SiO(g) + CO(g) , (6)

SiO 2(s) + 2C(s) • Si(l) + 2CO(g) (7)

Si02(s) + 3C(s) • SiC(s) + 2CO(g) (8)

and subsequent reactions:

s s o) --2(s) 3Sio(g) + CO(q) (a,

Si2(s) + Si(E) - asio(g) (10)

In the development of an understanding of the internal ablation pro-

cesses, the decomposition or pyrolysis reactions of class 1 have received

the most attention. These pyrolysis reactions are very important because

they produce a porcus char which can quite effectively insulate the virgin

composite thermally from the high-energy external environment and thereby

curtail the overall internal ablation rate.

Of the three classes of postpyrolytic chemical reactions, those of j
class 4 are considerably more eedothermic thjn the reactions of the other

two classes. For this reason, class 4 reactions have received some attention.

Despite the high endothermicity of the C-SiO2 reactions, their desir-

ability in ablative composites is not necessarily Justified. !f, as pointed

out by Gutar, 4  the C-SiO2 reactions lead to a breakdown of the reinforced-

char structure, with subsequent surface arosion, then the overall ablation

rate may increase rapidly and become int-jierable. But, as discussed by

I..adackd,1 )when dimensional integrity is not essential, the additional

"endotherwic heat sink provided by the C-Sin, reactions may more than compen-

sate for any resulting surface erosion.

To date, a thorough study of the desirability or undesirability of the

C-SiO2 reactions for the entire range of reentry and thrust-chamber appli-

c -27



• •cAt|oio has not bow rert•d. A potential are" of desirobility might be

in tho• regions of thrust chuers where surface erosion is not generally

vt~ienced and where the 4nternal insulation weight shou1 be optimtized.

Such situatiors are cnmon in sma• liquid-rropellant space engines and in

the thrust cham*%r an blast ".e of rertain solid rocket motors, where the

mhat fluxes ar,. not too severe. The Importance of weight redu-;tion in solid-

-rocket-motor insulation was discissed by Hribar.(

By Wtalyzirq the silicon-carbide-formation reaction, as giver by
Equation (8), so that It is rapid at the lower temperatures ecperiercei, it
wy be possible to obtn the endothermic berefit and corresponding reduction

in char depth, resulting possibly in reduction of the necessary wall thick-

ness. By rarefully manipulating the silica-resin ratio in the composite, a

char stoichiomntry might be achieved which would result in the elimination

of subsequent SiC reactions, which could result in rapid surface eros on.

Going one step firther, the subseqeent reactions might be tolerated to a

preeterained extent because of their own high endothemicity, If severe

char degradation could be avoided. )Iost of tV* work reported Cr, far haý been

concerned with systows in which a low pressure of CO and high silica excess

were preseift, thus encouraging reactions such as (9>.

Standard heats of reaction for internal ablation reactions are suwniarized

in TabVe I. Nrte that if one assumea that one gram of resin pyrolyzes to 3

char containing 0.45 orms ctrbon, and the c-rbon reacts with silica accord-

iN to reaction (8i), the heit absorted by tht C-SW02 reaction is appro.-

MWtey 5.8 times tire het absorbed by pyrolysis.

Unfor.Lnately, some discrepancies exist wang the thermdynwdic data
reported by various investigators. Some of thete disoc'-Ppanicies are due to

the advent of better 40a for heats of formation in recent years. ThuMs one

must be. vory careful when cwmparinq the findings of different investigator3

to take note of the data used by them in their analyses.

Also, sme investigators have found that their datz ire well fit by a

variety of expressions. For extople, B4ird and Taylor, 2 )in measuring the

fwe rnergy of SiC by obierving equil!br!us oressurc of CO 6-er SIO 2 mid

SiC and C mixtures, determined a free wnergy of formation for the reaction
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Table I

React-ion A H/algm-molle

1+265 (ca1/gm r~sin for pyroly-sis
@ 130op k2)

2 ~417,a@9

3 -127,15414 +41 ,220
5 +31,~3821

6 +166,980

7 +164,660

+356 ,620

Ihz values__ for__ equations_ 2_t_1_wrealultefrm_ at_ i the Janaf

tG0  -14,700 + 5.74T cal

acý-vrte.v~dthu adustd tý,2ir qua,ý.n t -1,')0 +8.3T cal to

With the exception of CO, all of the species in react~on '81 areIassuaied to be solids of unit activity. Thus, the partial pressure of CC
avtd- the tmperaturp are the variables of ;AtreJ in the t;-41bruni of

reaction '8). 4',eactions (0i attd ('71 er allo governed by P ~ an emtapri-

ture- Thus Beecher and Rosensweig stre~ised the im,ýortan~ce of t I± quii-fibrim CO pressure. They corcluded that'% if the reacl-Aoni kiinetir~s vcrt siuf-

ficiently raloid,, the fomztiun Of Silicoan carbide would bt ci~~ ove-f

a temprature ran~ge of approximately t&0 C tr) Rr,)$eIWC. a nsA

Bcier' 0 g've the equilibriom. CO0 prcssure as

wh~erep atm. T O,:O
(27~

Baird and Taylor'' however, give an expressioh, o>se n tI~er perini*ntai

results. as
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)~Pco 0I
wh•r•h~r again pCO atm, T OK.

Kl1ngeru36) et al give a standard free energy of reaction for the

equation

Si02(ci quartz) + 3C(s) SiC(s) + 2CO(g)
:• of

To = 143,480-79.56T (cal/gm-mole)

The following equation for the equilibim pressure of CO has been derived

from the free-energy expression.
PCO=0(8"69-15,680)T0)

CO pressures calculated from these equations are as follows:

Table 2
T OK P, atm

Resensweig & Beecher Baird & Taylor Klinger, et al

1500 .0436 .0155 .0174

1750 1.20 .525 0.544

2000 14.45 7.58 7.15

2250 100.0 $8.9 53.1

Ladacki,(31) and Carey and Coulbert,023 ) among others, have treated

the problem of thermodynamic equilibrium by the technique of calculating

eq, ,ibrium composition resulting from a specified initial composition of

C and SiO2 , and allowing for production of all possible Chemical species.
Wide temperature 3rd pressure ranges have been covered. Again, however,

discrepancies are noted. The results of Ladacki and of Carey and Coulbert

differ in that those of Carey and Coulbert predict a liquid silicon phase at

temperatures just higher than those where SiC is stable, where the work of
Liadacki( 3 3 ) does not. Otherwise the results are at least qualitatively

similar. The results of Ladacki and of Carey and Coulbert are shown in
Figures 1 and 2 for an initial composition of 82% SiO2, 15% C, at 5 psia.

In summary, it appears on the basis of available reports that at a
given pressure, a temperature favoring the formation of SiC by Equation (8)

can be found. However, a prec'se prediction of this temperature is currently
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doubtful because of the high degree of accuracy required of free energy values.

2.2.1 State of the Silica

For most silica-containing composites the silica will initially be
present as the fibers comprising the woven cloth reinforcement. These fibers

%.onsist almost entirely of vitreous silica, according to their manufacturers.

As discussed by Sosman, (4 ) at atospheric pressure, vitreous silica

is thermodynamically unstable at all temperatures below 1723 0C, the melting

point of cristobalite. However, at ambient temperatures, no movement to-

ward crystalline arrangement has been detected. Silica gains sufficient

mobility to begin crystallizing only upon heating to a red temperature or

higher..

This crystallization is commonly called devitrification since it

usually results in conversion of the transparent homogeneous glass into a

white, chalky mass of minute crystals.

At pressures and temperatures of interest, several stable and meta-

stable phases of silica are possible. Very large pressure differences are

needed to significantly alter the temperature ranges of stability of these

phases. Each phase also exhibits high-low inversions. (The nomenclature

of Sosman will be followed in this report. he recomminds the use of high

and low rather than a and B due to inconsistency in the literature in the

application of the greek-letter notations. Thus high and low are used to

indicate high-temperature and low-temperature modifications, respectively.)

Hig-.low inversions of the phases of silica al exhibit the character-

istics described for the Inversion point between lo%.-quartz and high-quartz

under atmospheric pressure at 5730 ± 1 C. The principal features of the
(34)

high-low quartz inversion, quoting Sosman, are

1. On rising temperature, a gradual increase in the rate of

change of all properties, noticeable at 500C or more before the

inversion point is reached.

2. An entire absence of such a preliminary effect, with falling

temperature, on the high-temperature side of the inversion point.

3. A'change.of symmetry at the inversion point.

4. An abrupt change in nearly all of the physical properties at

the 1nversion point.

c-33



5. The very small rate of change in properties above 573 0C as

compared with the rate of change between 00 and 5736C.

Other important features are noted by Sosman. The inversions occur promptly

when the inversion pressure or temperature is reached, completing themselves
in some instances in a few seconds. The inversions are reversible, and

the difference in energy content between hiqh and low modifications is

relatively small.

Twenty-two known phases of silica are presented in the following table,
(34)Table 3, which is based on one presented by Sosman. Since tridymite

exhibits several inversions in both its stable and metastable forms, the

notation S-I, S-II, etc. for the stable form inversions and M-I, M-II, etc.

for the metastable form inversions was adopted.

It is questionable whether in a practical ablative material the phenom-

enon of devitrification is of importance. The expected devitrification at

temperat'•es and pressures of interest would be conversion of the vitreous

silica to cristobalite, even at temperatures well below 1470°C, whE.,e

trydymite S is the stable phase since the glass still crystallizes first

to cristobalite in absence of flux or solvent. It is known(34) that the

crystallization of vitreous silica to cristobalite begins only at the sur-

face and proceeds inward, which accounts for faster devitrifieation rates

seen in powdered glasses. It is also fairly certain that waier vapor ac-

celerates devitrification.

One should, however, realize that the rates of dEvitrification of

vitreous silica into any of the crystalline phases a,-e extremely slow.

Sosman( (3) gives 1/2 hour as the time needed to contiert 60% of a sample of

powdered vitreous silica to cristobalite at 16000 C. Since the exposure

times of ablative materials are generally much less than the times asso-

ciated with devitrification, it is not expected that devitrification would

affect the behavior of the ablative material to any preat degree. However,

it is possible that an unforeseen catalysis of devitrification could occur

due to the presence of pyrolysis gases, char, and potential catalysts of

the char-silica reactions. The surface state of the silica fibers would

also be expected to exert a large influence on the rate of devitrification,

since it starts on the surface and never in the body of the silica.

Although devitrification is not expected to influence the char-reinforce-
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Table 3

THE TWENTY-TWO PHASES OF SILICA

Mode Temperature range Relative sa.btli Pressure
PC) --- ~TS--stablelUKbr

(M1 metastable)

CRYSTALLINE SILICA

Quartz

low -273 te 573 S 0

high 573 to 867 S 0

Tr dymi te

S-I -273 to 64 M 0

Slil 64 to 117 M 0

S-II 117 to 163 M 0

S-TV 163 to 210 M 0

S-V 210 to 475 M 0

S-VI 475 to 867 M
867 to 1470 S 0

M-I -273 to 117 M 0

M-II 117 to 16J) M 0

M-III above 163 M 0

Cristobalite

low -273 to 272 M 0

high 272 to 1470 M
1470 to 1723 S 0

Coesite ca. 300 to 1700 15-40

Keatite monotropic? (unstable everywhere) ca.0.8-1.31

Stishovite unknown ca. 160

Silica W monotropic (unstable everywhere) formed by oxidation
of gaseous SIO

AMORPHOUS SILICA

liquid above 1723 S 0

vitreous -273 to 1723 M 0

supra-piezo-vitreous M ca. 35

compacted vitreous M ca. 00 and lower

Silica M indefinite (produced from all
other phases by high-
spced neutrons)
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mont reactions, due to the relative sluggishness of devitrification, the

possibility deserves careful consideration. Klinger, ( et al, used a

single crystal of low quartz in their studies. They found that at tem-

perajres of 15500C and 16000C and times of 190 and 150 minutes, respectively,

the quartz used in their silica-graphite reactions was better than half

converted to low cristobalite. Klinger and his co-workers postulated that

an increased reaction rate of the silica-graphite reactions which correlated

with an unexpected disappearance of low cristobalite was due to interatomic

changes occurring during the transformation from quartz to cristobalite

which Increased the reactivity of the silica. Other investigators have not

specifically ccnsidered the effect of the state of the solid silica on

reaction rates. Probably as important as the state of the SiO2 is the de-

gree of contact between the carbonaceous and siliceous phases of the char,

In a practical ablative material.

2.2.2 Kinetic Considerations

No studies of the kinetics of C-SiO2 reactions at other than vacuum

conditions has come to our attention. The investigations of Beecher and

Rosensweig and of Blumenthal, (4) et al, have been confined to vacuum condi-
(35)tions for a temperature range of 130DOC to07000C. Those of Klinger, et al

were performed in the range 1378 C to 1765°C and also at vacuum conditions.
Unfortunately, all of the char-reinforcement reactions (6), (7), (8)

are thermodynamically possible at the low pressures employed and the tem-

perature ranges used. Thus the rate of reaction measured by the investi-

gators is not necessarily that of the SIC formation reaction (8). In fact

all of the investigators follow the reaction by measuring the CO pressure
produced.09Although the initial studies of Beecher and Rosensweig Rg)indicated

rapid formation of SiC in the temperature range where it is thermodynamically

dominant, the work of Blumenthal,(36) et al led to a reexamination and

correction of those studies. As a result, the kinetics of the C-SiO2 reaction

were found to be relatively slow except at very high temperatures, where

SiO2 is molten but very viscous.

Several rate expressions have been put forth for the depletion of carbon

or more precisely, the production of CO by C-SiO reactions. They are not, how-

ever easily comparable since fairly variant systems were used to generate them.
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Beecher and Rosensweig, ()suggested the following zero order rate

expression for the reactions occurring in samples of char from pyrolyzed

fiberglass-reinforced phenolic plastic.

dnc = kv exp(- Z!RT)

where nc - grams carbon

v - volume of reacting mass
k 10 10 am/cr 3 mn

AE = 92,0'.J cal/mol:

They assumed that the reaction is heterogeneous, occurring at carbon-silica

interfaces randomly distributed throughout the volume. Beecher and Rosensweig

give no data concerning the magnitude of the interfacial areas. It is

assumed that silica was in excess in their sarlules.

Blumenthal, ) et al, studied the reactions between carbon and silica

in pelleted mixtures of 17mu graphite pi ,der with 2.8u low-cristobalite

powder prepared frwm. decomposition of sflicic acid and with 15mp colloidal

silica powder. They also studied samples of a charred silica-reinforced
phenolic resin. The mol;ýr ratio of SiO2 to C was 0.86 in tne char samples

and 1.0 or 3.0 in the pelleted Samples. S102 was thus in stoichiometric excess

for the SiC- formation reaction. A temperature range of 1300 0C - 16000 C was

covered. It was found that the kinetics of the carbon-silica reactions in

the char were very similar to the reaction kinetics in the pelleted samples.

Romie, suggested a first order rate expression based on the results of

Blumenthal, et al

-dC 15.5 exp(20-62,500/T)C

where C gm carbon/cm3

t time in hours

T m temperature, OR

Blumenthal and oe-workers noLed an increase in rate for those samples with

greater interfacial area between silica and carbon and presumed that initally

the silica surface area controlled the interfaclal area due %o the smaller

surface area of the silica.(35)
Klinger, et al performed experiments similar to those of Blumenthal,
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using a high purity single crystal of low-cuartz as a silica source., It

w~s powdered and particles between 105 and 149u in diameter were ufad in
the experimnts. Graphite powder used was less than 44i in diameter. The

teerature range covered was 13780 tc 17650 C. The molar ratio of SiO2 to C

was 0.111 for all runs. Thus graphite was in stiochiometric excess for the

SiC formation reaction in the experi•tents of Klinger, et a].

Klinger, et al found their data were correilated by a liaear rate law
based on the silica surface area. 'Modified to give carbon depletion, this

equation can be written as

dC - 7.45 x l10 x 12 exp(-l17,000/RT) gm/cm2 secff 5.1
- 1.75 x 106 exp(-li7,00O!RT) gm!•2T.sec

where C is in grams carbon/5 2 silica surface area. The assunption was

made that the silica powder was spherical in order to obtain the area of

the powder to be used in deriving the equation frot, experimental data.

For experiments proceeding beyond a certain time (120 min @1545°C,

20 min 01586°C, and 7 min @1610C) the rate increased sharply and continued

to accelerate. The data in this region were correlated by
1/3

dco ,ka nco

where n moles CO. Klinger et al give an activativ, t,'orgy for this
reaction of 122±20kcai, but do not report the pre-exponenti factor of the

rate constant. They interpret the accelerated reaction as being due to

increased activity of the silica during a phase change from quartz to cristo-

balite. The change in structure is due to breaking of interatomic bonds
rather than displacement of atoms. Klinger, et al. also found that the on-

set of the accelerated graphite-silica reaction coincided with the increase

in velocity of transformation of the quartz.

The results of calculations based on the equations of Beecher and

Rosensweig, of Romle, and of Klinger are presented in Table 4 and Fig. 3.

Table 4 includes reaction times for 50% and 90% depletion of carbon, and

equilibrium CO pressure based on the predictions of Beecher and Rosensweig.

Fig. 3 presents plots of carbon depletion versus time for the three rate

expressions at temperatures of 2500°F, 28000F, and 3100'F.
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Tabitt 4
T ýý,ýation Times (sec) r_ýi

50% 22,
F 0C B & R Roiie f~~ ~~~

2500 1371 1,250 4861l22,310 2,250 1,613 220,156 5.0
M 1427 505 247 33,160 909 820 70,483 9

2700 1482 215 131 13,2b 387 43A4 ? 8P
2800 153 95 72 r,'710 171 238 4 4-18

2900 1593 44 41 1,785 79 i31(4 3
3000 1649 22 24 4*0 . los
3100 1705 11 15 305 23 54

These -esults are based on the applitci ..-- & the three rate 1 d
presented abovt to a systell consisting of, 1 -y•othttical rein-trCfd Cha.:

leyer with a carbon spatial density of . _i,3 . a &i 1a sa i fa
density of 1.1 m/can . The silica is presumed1 present as fibers with a

-~ 3diaeter of 0.001 cm anr a specifc gryviftv of ?.2 g Te siFace
area of the silica, necessary for the ap- icat~a of the linear rate
pression (f Klinger, thus reduces Lo the ex~oressic.r: VC

5102 a rea -2 •
Si2 anti 2

m char

- 2000 Cn a r

The eqiatlous of Beecher and Rosenswe., o- c i-•iý predit siinila-

,reaction times for a given degrce of _.n oepietion, esp.iall- 1t tI
tpper range If P.perature. Klinger's te.e exp-ess.n however, pri±dict-

reaction times from one to two orders of •.a n-Tuae ',Ciwer. Kiin.ger's dat:
were found usirg low quartz with an excess q a ;ý3: -e, whereas those of
Ropie were ba.,,d on tw silica-carboon ratios. -e a-'"i•iaa arid three f

or* silica to carton. The exper.;grnts of -,r-entr1, iet a, c .ponn W •*A-

based his :Ncuat$on. were ,arried out v4I, * and cl-. "n-
Ros"nsweig and fetecher refer to their sciles -asthar F : Fv ber-
9gas -reinforced phpvlic Plastico. S`C:r et al, I P.-_! t -1F e
merts on silica surface area, the effects of vairiavt :. .e
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not be a factor in their equation. It is possible that the *ruch slower

reaction times predicted by Klinger's e ation are due to the silica beilr,,

p1resent as quartz, *s-ce when the qu? .z began to invert to 1ristobalite,

large increases in reactiont rate were noted.

2.2.3 Effect of Catalysis

The effect of a catalyst is to change the rate of a react.on wjthout

ohanging it.-eIf over the course of the -eacti n, if a catavst were found

that couli catalyze the sflicon-carbide formation reactie.r.-nd . .. erteb,

significantly increase the rate at l-w.L°ir temnoeratu res one mlrb t obt-ain the

endothermic benefits and coresponding re.luctlGn in char depth.
(38)

cxqeriments conducted by Cutler' I ,n 1956 with slia anc crrbon

t *d that transition metals were effective in catalyzing te synlthesis of0

0r-n., carbide. It w-- beieved, the"efoze, that transltion 1rnetals would

whtive also <•"• .A - n pv yryzed ablative comvosites.
The. I i.ni. ed e .... i& r- *'•"ere p-r- iously (see the paper

` VC nternal , L non Reac•ti-s Re t, ren Char and

r .n.cL in. t - ,prpn., -r the oremfisp that a

tZ. i ys s - -,•3;-...t--- h < en reoored by Raksza"-k. i 9
* ~ ~ ~ ~~S r eC-'TWPVCd

et. A .............. , f o p 0 re, -0.

"ncrease a.t ')0. C t7 re. o- qr e over, .f .ur .g e

i-n. the caron-Car-bon dio x r, e •• •,•,v- . -oted a. t, J....

creased ,alyt -.. i- .:e ,,icle, size. Ra szawski,

r t.v i ew severa: t .eor.'es as to the rc s-.. catalyss Of

a -c.,, . by Fe. It has been postulated that the qasif. catl'o', of

ý; $s of 20' fon th42 s-rface ga qrapi te) wokAd te enhance-

e ot ns were. transferred from i÷ t : r t- e. to catalyst. . Is

gat t e.. .a-ts accept electrxins becaose of the ror,-stoichto-

,ttric characiet n4. their ox;6e,. Also, trAlns<sn m, tals are believed tin

be able to accept £lectr ts as a res u of t~eir d-cr itals b In ..nf2iled

Thus they would &-i able to Lt.e t.he o~I ation of graphite by acceCting

i ts e Ie c t r ns nrG ethrý t, -F CO.
Ar, cther possible rc-i.r,: • i-. r a so t Cd CQ on Fe to give CO and

adsorbed oxygen atos. The oxyvgen . saupposeJ to Le --tiqy ,obile on
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the Pe surface and thus could diffuse to a free carbon interface, there to

react forming gaseous Co.
The large increase noted by Rakszawski in the rate of the C-CO2 reaction

is of Interest because this reaction might be expected to display a similarity
to C-SiO2 reactions, in that silica and carbon are members of the same
column of the periodic table. Also, the reactions both produce CO, toward
which the behavior of the catalyst would be expected to vary little, re-
gardless of whiz;h reaction produced it. The actual mechanism of catalysis,
then, remains to be seen, and sholid be emphasized in subseqLent work.

2..24. Possible Caalss
To he an acceptable potential catalyst mnaterial, the compound considered

must be capebhe of being incorporated into a composite material without de-
trimentally altering the properties of the mpterial. Metals can be and have
been introduced as fi •e powders and as powdered oxides. These solid forms
have the advantage that they do not disturb the resin phase of the material,
but the disadvantage that a uniform dispersal is difficult to achieve.

Therefore, it was felt that a compound soluble in the resin phase might
be the best way of intr'cducing a potential transition metal catalyst. A
uniform dispersion in the resin, and very 5mall particle size were expected.

Investigation of available transition metal compounds indicated that
metal-organic compounds of the ferrocene system might well serve the purpose.
These compoun's are soluble in phenolic resin systems of interest, sometimes
with the ai6 of a co-solvent, such as benzene, which can be easily removed
from the uncured resin by evaporation after impregnation and prior to curing

of thL laminate.
As c.ompared to many metal-organic coCUpounds, ferrocene and the other

Smct.ýllocenes are remarkable stabla. The components of a ferrocene molecule
arc, essentially, two cyclopentadienate anions and one ferrous cation, Fe
The actual structure is best shown as in Fig. 4. where the dotted lines
indicate that the ferrous ion is equally shared by each carbon atom.

Man, substituted metallocenes are known, some uf which are liquids at
room temperature (e.g. n-butyl ferrocene}. The more reactive metallocenes
caa be kept in solution, although some, such as cobaltocene, are poisonous
or flammable. Ferrocene itself is reroverable from solution in concentrated
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sulfuric or hydrofluoric acid. Ferr'cenes also possess the advantage that

the organic portion Is entirely composed of carbon and hydrogen, especially

of carbon. The entire non-metallic portion of the molecule would be expected

to contribute to char formtion and to cooling by liberating hydrogen gas.

In additivn, the metal weight percent of ferrocenes is much higher than in

many metal-organic compounds.

Other compounds of the transition metals may also prove useful for

certain metal additions. Rakszawski, 39 ) et al, obtained good catalytic

activity in their Investigation of graphite-CO2 reactions by introducing

iron in the form of ferric oxalate.

Carbonyls of several metals, including nickel, iron, cobalt, and

chromium are known and might be used for the introduction of the metals

into the resin phase. Carbonyls are, however, generally quite toxic and

flawnable, as well as being quite volatile at room temperatures. These

properties would tend to discourage their use. The structure of Iron

Carbonyl is shown in Fig.5.

Metal chelates and organic salts of the metals are possible means of

Introducing desired transition metals into the resin phase; however, generally

the weight % of metal in these compounds is not as good as that of the

ferrocenes, necessitating greater possible disturbance in the resin. These
compounds, however, might be used to pretreat the reinfo-cement, or silica,

phase of a composite, thus resulting in a material wherein most of the

catalyst would be concentrated at the phase boundaries. Several possible

compounds of this class are shown in Fig. 5.

c-44

f



CH

H- C F

C-o Ferric Acetylacetonate

CH3

-3

0

0

Iron Pentacarbonyl 0- C- Fe

Ic
C N

0
0

0~~

Fe Fe ,
iFe' Fe Ferric Oxalate

): • C- -- 0

0 0

FIGURE 5. TRANSITION METAL CATALYST STRUCTURES.

c- 4 5



2.3 Eope2imentaZ Work

Actual experimental work has included the development of techniques

for uniformly manufacturing satisfactory laminates for testing in the

'aboratory. Preliminary charring tests have been performed on laminates

made from commercially prepared pre-impregnated silica-phenolic material

and on hand laid materials made up with and without powdered and soluble

catalyst materials. These tests were performed in arc-imaging furnaces as

described below. Also, a small hybrid plexiglass-oxygen rocket motor has

been built and fired. After some redesign, this motor will be used to

determine the effect of combustion on the thermal response of ablative

materials. Pre-installation preparation for a hot-gas flow facility is

underway. The facility will be used for studying the effect on composite

materials of high-temperature environments generated by controlled combustion

of liquid fuels (e.q. methanol) with air-oxygen mixtures.

* These phases of the work are discussed in more detail below.

2.3.1 Fabrication Technique

Even before Project THEMIS, a Wabauh hydraulic press, shown in Fig. 6

was available for our research work. This press had been used to fabricate

small samples of laminated composites. The press is capable of exerting a

pressure of twelve tons on a 3.14 square inch ram. The platens of the press

can be electrically heated up to 600°F, and the temperature is thermo-

statically controlled. The platens are 10" x 7" in dimension.

It has been found that the tendency of a composite to delaminate upon

release from the press or upon heating in the arc-imaging furnace is related

to the methods used in impregnating the cloth used in the composite with the

A-state, or liquid resin, and to the treatment given the samples during the

time they are in the press. At first, samples had been made by brushing

powdered catalysts onto commercially prepared prepregsheets approximately

1/32-inch thick or onto the silica cloth reinforcement of the hand-laid

samples. Resin was applied to the reinforcement of hand-laid samples with

a paint brush.

It was found that removal of air bubbles in hand-impregnated cloth

could be accomplished by a brief exposure of the wet, just-soaked cloth to

a vacuum. Impregnation of hand-laid samples is now accomplished by sand-
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wiching the resin and silica :coth between two cellophane sheets and working

the resin through the cloth manually by rolling a length of soft rubber

hose over the outside of the sandwich. When a uniform-appearing impregnation

isobtained, the sandwich is put in a vacuum chamber and left until offgassing

of bubbles ceases. It is felt that the release of the vacuum also helps to

force the resin into the interstices of the cloth.

The impregnated cloth is allowed to become dry to the touch before

curing in the press. This stage is often called the 'B-stage'. The material

can be easily handled, but is not cured completely.
Curing is done in the press, generally at temperatures around 300°F and

at various pressures. Release of the pressure just before set-up of the

resin has beet. found beneficial in preventing delaminations. A large
volume of gas usually accompanies this pressure release, which is probably

a partial reason for the reduced amount of delamination.

2.3.2 Image Furnace Tests

Preliminary experiments with metal and metal oxide catalysts are

described in detail in th. AIAA paper included in the Appendix. These tests

were conducted in an arc-imaging furnace employing a Hg-Xe lamp as the
energy source. The tests were made with a heat flux of 45 cal/cm2 sec and
heating times ranged from 5 to 45 seconds. The results of the tests were

that the measured char depths of samples containing transition metal powders

were, without uxception, less than those for control samples prepared

simultaneously but containing no potential catalyst. The percentage of

char depth reduction ranged from 5% to 25Z.

More recent tests have been attempted utilizing catalysts such as

n-butyl ferrocene, in an arc-imaging furnace utilizing the same lamp as in

the preliminary tests, but in an entirely different configuration. The
present furnace was built up to study propellant burning problems and un-

fortunately is in many respects less suitable than the original furnace was.
The present furnace delivers a larger 'hotspot' approximately 3/4" in

diameter and probably a much lower radiant flux. Calibration of the furnace
has not as yet been possible, but will shortly be accompli shed. This furnace

is shown in Fig. 7. The recent tests have been plagued by delamination
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problems which were not noted in the preliminary tests. These recerit tests

were on hand-laid samples whereas most of the preliminary tests were made

with prepreg laminates. Also, the recent tests, because of the large hot

spot of the present furnace, used 2" square pieces of laminate, as con-
trasted with the I cm discs used in the preliminary tests. It is possible

that the delaminations may be due to the large area under low flux, applied
perpendicularly to the plies. The chars developed under these conditions

may rnt be porous enough to pass the gases produced. More probably, the

delamination is due to inexperience in the art of laying up the materials.
In the most recent tests, the cellophane sindwich-vacuum bubble

removal technique was used for impregnation of some samples. These samples

showed little or no delamination. A comparison of samples made by this
new technique and those made by the older paintbrush method after exposure

to the arc-imaging beam is shown in Fig. 8. It may be more realistic to

fabricate samples so that the flux can be applied end-grain, since in use
the materials generally would be laid up so that the heat flux would not

be perpendicular to the laminations, as illustrated in Fig. 9.

2.3.3 Nybrid Rocket Motor

A small hybrid rocket motov operating on plexiglas fuel and gaseous

oxygen was built as a senior thesis project and fired many times. The
rocket consists of two machined metal plates bracketing a replaceable

cylinder of plexiglas, and held together by carriage bolts. A graphite

nozzle can be inserted and held in place by one plate. The other plate is

attached to a chamber in which propane is spark-igni ed to initiate com-

bustion of the plexiglas. Oxygen, propane, and nitrogen lines, incorporating

solenoid shut-off valves, feed into the ignition chamber and thence into the

plexiglas cylinder. This system is illustrated schematically in Fig. 10.
The present system has a pronounced tendency to leak. It is being re-

designed both to eliminate the leaks and to provide more flexibility of con-

figuration. The redesigned rocket will incorporate new end plates for more

structural rigidity and easier disassembly. Blocks of ablative

material can be located both within and downstream from the plexiglas fuel

so that the effeLts of combustion on the themal response of the test materials

:~c - 50



II

c -5

44

I1 1 -- • 1
IH

:3
2.

Exposed Surfacess

I FIGURE 8. .ABLATIVE COMPOSITES AFTER FURNACE EXPOSURE.

c -S1

:1



heat flux • gsfo

_ III

l heat flux

gas flow

Preferred Orientation of Plies

71GUPE 9. COMPARISON OF PLY ORIENTATION

c- 52



i ris Flow Sy:;tem

4 4 2'x4" plexiglas

cylinder

1 2 3

nitroen)

I Zi -oienoid Valves
SSpark plug,

5 Ne#•: Valve

N~ ee C=-4

Ehlctrilal System.

Fi&URE I0. HYBRID RCKET *•,.2R SC}•,EMAT1C.

c -5

e- a

110'A



0f
~nbe det ve 0~ai e the e.rdpr of 4500 R arnd velocities

fs ra~ng frog- very I o t4 1" rdir oni thit location in the apparatus,
&1 .e expectad. P44e#ris oA~tft able ~IWý 4ejpend the thickness of

2ý3.4 Hlot Gas Flow acility
Purchase of a hot-gas flow facility has been initiated. This facility

will consist of a deyice for the controlled combustion of liquid fuel
(e.g. methyl alcohol) with air, akygen, or mixtures thereof to produce ýa
hot gas. Th* system includes subsystems as described below. Air supply to
the facility will be accomplishwzd stparately from the proposed facility,
and consists of a 3000.-psi compressor, provision for oil and water re-
moval and approximately 400 ft~ of air storage capacity. A~scheniatic of
the overall systemn appears as Fig. 11. The proposed facility subsystems are
as follows..

1. Methy alcohol (fuel) system: The fuel storage tank is
stainless steel with a volume of 1.5 16t. rated at 100 psi.
The fuel is pressurized with nitrogen by means of a hand
loader. All, required fill and drain capability is provided.
Fuel fltow rate is monitored by orifice flowmeter and dif-
ferential pressure gage. Fuel flow is controlled by a re-
mote throttling valve.
2. Air pressure and flow regulation system: The air pres-
sure is regulated by a dome loaded pressure regulator. Flow
control is exercised by means of remote throttling valves.
Air flow rate is monitored by an orifice flowmeter and dif-
ferential pressure gage. Physical properties of air are
monitored at metering element. Air system is safety re-

lieved.
3. Oxygen pressure and flow regulation system: The com-
bustor is designed to burn either air or oxygen in the
primary. The oxygen used in this manner is stored and sup-
p1lied external to the present system. The pressure regula-
tion and flow control of oxygen is accomplished in a manner
similar to the air flow. The oxygen system piping is entire-
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ly stainless steel.

4. General purpose air-oxygen and methyl alcohol combustor:

The combustor is fabricated entirely of stainless steel and

consists of the following components: a) a six-point tri-

plet water cooled primary injector; b) a water cooled tur-

bulence ring; c) a water cooled combustor with a 4 inch I.

D. and 36 Inch length; d) a removeable secondary air injEctor

located 24 inches downstream of the primary injector (is

removed for operation at temperatures in excess of 1500 0F);

e) a water cooled screen grid located at the exit of the

combustor; and f) a circular 4 inch I.D. to square L-ansition

section.

5. Control and facility instrumentation system: The nec-
essary static instrumentation of storage pressures a;,o pro-

vided on all tankage. Flow instrumentation required to

duplicate a run point is provided by the flow meters and

pressure and temperature sensors. Comhustor total ten-

perature instrumentation are provided at the exit of the

transition section.

The facility as proposed would exhibit the following nominal operational

specifications. Total Temperature: ambient - 4500 F; Pressure: ambient

to 575 psla cold, 50-400 psia 01500°F, 50-200 psia @4500°F; Flow Rate: 0.3-

3.0 lb/sec IT % 1500°F, 0.3 -2.0 lb/sec $T 4 4500°F. Installation of the

facility will be in tunnel 0610, located below ground level just noeth ot

the Merrill Engineering Building. The air supply tanks are presently in
place on the surface just west of the tunnel, and the compressor is being

located In the west end of the tunnel.

2.4 Dirotion of Continuing Resea'oh

Work in progress or planned for the near future includes redesign and

fabrication of improved parts for the hybrid rocket motor previously men-

tioned. Ihis will be done soon, as the redesigned parts will be easy to

fabricate. The rocket will then be used to investigate the response of

catalyzed and uncatalyzed materials to subsonic combustion high-shear envi-

ronments.
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An optical glass we has been procured for use in a controlled

atmosphere chamber for exposure of ablative samples in the arc-imaging

furnace. This chamber will enable us to determine the relative effects of

inert or reactive atmospheres such as CO at pressures from vacuum to

slightly above atmospheric pressure.

The thermogravimetric analysis equipment described under Phase I above

will lend itself readily to study of the C-SiO2 reactions with slight

modifications for higher temperature capability. Several topics of in-

vestigation are suggested: effect of catalyst substances on the reaction,

mechanism of the catalysis, effect of particle size on the rate of reaction,

and effects of CO pressures up to 1 atm on the reaction rate. The

modifications necessary are under investigation with the cooperation of

the Materials Science and Engineering Group in the College of Engineering.

Preparation for the installation of the hot-gas flow facility is

underway. Necessary provision for high pressure air supply, cooling

water, exhaust disposal, power supply, etc., must be made. !he proposed

system is to be delivered subassembled to facilitate installation.

The facility will be used to observe the thermal response of ablative

materials to clean, high-temperature products of combustion. Wide ranges

of temperature, pressure, and flow velocity are feasible. The partial

pressure of CO is also capable of large variation by adjusting the fuel/

oxidizer ratio of the facility. Thus the effect of CO pressure on the

carbon-silica reactions can be investigated in a flow environment.
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3.0 PHASE III GAS-LIQUID SURFACE EFFECTS--C. Hsieh*

3.1 .Tntroduatian

The silica fibers in the plastic matrix of an ablative composite

not only provide mechianical reinforcement, but also serve an impor-

tant function in the ablation process. When subjected to sufficient

aerodynamic, thermal, and shear forces, ,he reinforcement materials

may eventually melt and form a glassy liquid layer on the charred

surface. Sutton(40)has shown that under certain conditions only

70% of the energy originally ÷'ansferred to the surface of the

liquid layer is conducted into the non-flowing solid interior. The

molten-layer absorbs heat in several ways. Energy is absorbed

through the materials' heat of fusion and heat capacity when the

temperature of the liquid increases. At the molten-layer surface,

the materials undergo endothermic chemical reactions or vaporization(41"

and absorb significant amounts of heat. Heat transfer to 1..e molten

layer surface can also be reduced by injecting into the gas boundary

layer foreign gases which are the products of chemical reaction or

vaporization of molten materials. Another function of the molten-

layer is to form a uniform surface on the charred materials. Whenever

a surface indentation occurs by spalling of the char, liquid silica

will flow into the hole and smooth the surface again.

The effectiveness of an ablative material Is determined by the

energy absorbed per unit mass ablated. The molten-layer flows under

the shear or presiure force of the gas boundary layer, and a consider-

able portion of the ablation material may be blown off before It has

absorbed the maximum potential amount of energy and ha3 undergone

chemik1l reactions or vaporization. Thus, a competition exists be-

Mr. Chta-lung Hsieh received a B.S. degree in Chemical

Engineering in 1966 'rom Tunghai University in Taiwan. Since
Septepter 1967 he has attended the University of Utah, where
he is a candidate for a Ph.D. in Chemical Engineering, and has
worked on Phase III of this program.

c-58



tween the reactions and the blow-off of the melt layer. I n order

to increase the efficiency of the ablative material, the following

properties of the system are d&s.-ed: (1) high viscosity of

molten-layer; (2) small shear force acting on the surface ef the

molten-laye-; (3) rapid rate of chemical reactions or vaporization

of molten materials compared to flow-off; (4) strong cohesion of
(42)

glassy liquid on the charred surface. Bro has pointed out that

the rate of chemical reactions are controlled by the rate of mass

transfer into its surface. If we increase the rate of evolution of

pyroiysis gases, we may, therefore, be able to increase the rate

of chemical reactions. Mass transfer can also change the velocity

profile and properties of the gas boundary layer, and so reduce the

shear force acting on the liquid surface. But increasing the

pyrolysis gas rate will also decrease the viscosity of glassy

liquid. The gas rate can be controlled by changing percentage of

plastic in the composite-material, or by adding a c~taiyst for the

pyrolysis of the plastic.

Since the molten-layer is fomed of several different chem,_,als,

different surface energies exist. Some special molecules tray have

a greater tendency of moring toward the liquid surface where inter-

phase chemical reactions take place. It is, therefore, desirable

to find sone surface active agents which can promote this tendency

and increase the chemical reactions or výNrization rates. However,

one must be careful that the addition of surface active agents do

not reduce the visc•lsty of the glassy liquid or alter other

favorable properties.

Glass has P very nigh surface energy, and has the tendency to

form droplets. These droplets can be blown off easily by rolling

Son the charred surface. This reduces the efficiency of the

ablative material and causes the roughness and unevenness on theI surface. In order to prevent the formation of droplets, it is an

it•prtant task to increase the wettability of glassy liquid on the

solid surý,ace. The solution of this problem is to add into the

molten-layer surface active agents which can deposit a monolayer
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between the miolten-layer and the solid 5,"rface. If the oute~-most
portion of the mnmolayer abvsorb"o' :. the solid surface has a larger
critical surfact '---: n of wetting than the surface tension of
liquid, the molten-material can formi a coherent and uniform film
covering the solid surface.' 3

3.2 £,terature Sw'vey

(40)
Sutton was the first to investigate theoretically the

steady-state melting of an ablating semi-infinite glassy ma.terial.
He solved the problem by numerical integration of the governing
microscopic balance equations. His solution was the basis for
the more complete atnd rigorous treatment of steady-state melting and
vaporization by Scala and Sutton.(44 However, numerical procedures
are often too cumbersome and, time-consuming, and approximate methods
of integrating simplified goveýrning equations often illustrate the
essential features of a process. Accordingly, Dorrance~4 simplified
the problem by making the approximation of constant shear stress
across-the molten-layer which permitted a couette-flow type solution.
Lees o~~btained the approximate solution by assuming a velo~..ty
profile for the molteii-layer. Set"e and Adams ~~integrated the
siwollfied equations by neglecting inertial forces and assuming a
tetierature profile. Rosernsweig and Beecher ~extended the method
of Bathe and Mads to a compsite system involving chemic.al reactions.
They asumed ,thore was an isothermal chemical reaction zone existing
between the olten-l4yer and gas boundary layer. Hidalgo 49  also
Cxteiid4 d s' Ma pproxiat.1on for the turbulent boundary l ayer and
to tsystem involving radiation heat transfer. McFarland and
H a mon() Apprichd the problem by an approximate coupling between

14 mowtwo- nd enryeq. iit*i s in the form of a ve loci ty ex-

Sutton~ IS" Ah that all 4pndttt th es yield values

of ýaatfnj n~d meltin rates %,ich art too I arW, ,~as (52) has
shmn thaf*' in cownriwof width t~se~sltos Utton's work

(ql &Oed) Y 1'21ds %M labe r"lt adais W~ regard the

- j~z reI abs ults ad W



necessary thickness of ablative material.

The transient state of the melting of glassy material was first

studied by Denison His assumptions for a flat plate molten-

layer were constant shear stress and linear temperature profile

through the liquid layer. Ostrach, et al(24' "b) have investigated

the initial period of Relting for a system without mass transfer at

the gas-liquid interface. He integrated the unsteady energy equations

and steady-state mmntum equation without inertia force. Adams( 56 )

also integrated the same equations by a numerical method. Chen( 57 }

has transformed the general governing equations by Levy and Mangler

transformations to obtain a numerical result for the transient state

of a melting and vaporizing ablation.

Although the relationship oetween viscosity and liquid ablation has

been thoroughly explored, the use of surface active agents for increasing

chemical reactions or wettability of glassy liquid has attracted little

attention. Stevetding5 8 ,' 59) has a brief discussion of the surface

phenomena of ablating liquid end states that the addition of certain

oxides such as FeO, B20, should improve the performance of the
2;

mol ten-layer.

3.3 t!ireotion f'~r Cont1-inuinci Reexarn-

Even though a ntfber of theoretical investigations concerning

the molten-layer have sppeared during, the last decade, no z-curate

experimental data are available fo- conparison with these theories.

The difficulty of measu'ring the teperature profile within the

liquid layer is one reasiun for the lack of accurate data. In

addition, the melt flow is. geerally not *ooth but cwlt irregular.

In order te have a complet, study of the Woten-layer, the developmnt of

an experimental te.tiique Is an es ential for the cord-n• year. We

hope to obtain accurate reasu-emnts of temperatur* profile, velocity

profile, zid flow-off rate of the molten-layer.

As has been .ntIo*d in the Itt section. the teorewtical

studies ,lone cannot provide reliable results for practical wplý
cations. Io these theorles, constant properties (except viscoity) of-

thenoIten-la.r irrt ass tr . But# heat c'aci t, and heat conductitty

C -61
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f6)

of glassy liquid are all functions of temperature. Citron '6) has

shown the difference between constant--and variable--properties

solutions for the molten-layer is appreciable. All the previous

investigators assumed the glassy liquid to be a Newtonian fluid.

They also assumed the viscosity of the glassy liquid as an exponential

functlon of teperature, and neglected the effect of pyrolyzed gases

which penetrated through the molten-layer. But at high temperatures,

glassy liquid behaves as a non-Newtonian fluid. (61 The viscosity

of the glassy liquid is reduced when the bubbles of pyrolysis gases

pass through the molten-layer. Therefore, we Intend to conduct both

theoretical and experimental studies of molten-layer by treating it

as a non-Newtonian fluid. We are also interested in determining

the effect of the penetrating gases on thp behavior of molten-material.

We are interested in finding som,. surface active agerts which

can either promote thr. chemical reactions or change the surface energy

of molten-meterlal and charred surface. Since gases exist within

the molten-layer. it will also be necessary to find out whether the

pyrolysis gases do nave any effect on the surface phenomna of the

moltea-loyr. Do the gases form a monolayer between the molten-

waterial and charred surface? I1 .ny gies paty an lmportant role

in the surface pheniowa of the molten-layer, then methods to con-

trol the rate and composltlon of the gas should be employed.
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APPENDNX A

"Catalysis of Intermai Endothermic Ablation Reactions

Setween Char and Reinforcement"
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CATALYSIS OF INTERAL E•IWOTNESIC ABLATION $RACTIONS
BETWEEN CHAR MD REINFORCEMENT

J. D. Ssader%, J. V. Larssu**, 1. V. ?basqseon*, and 3. D. (2iidleyt
University of Utah

Salt L40 City, Utah

Abstract reinforcement. One ouch csopoit*e is phemolie-
silica--s high-purity silica cloth impretgwrd with

increasing use has bean made of ablative phenol-formaldebyds resin and subsequently urad to
materials, such as phsnolic-silics, to protect r tough lsinated structure. A great deal of
etructures from hlgh heat fiturs ad high rtepera- research has 'vern asd is being conducted to oevawo1
turn. Potentially, the heat can be absorbed to a Improved ablative waterifis which are tailored for
considerable extent by endothAmtic chsmical resc- partic.ular opplicationa.
tione which convert a portion of the solid materia!
to gas. Typically, the following classes of In osoe the incident rm•dative ad/or coun.-
rea:e.ions are thermodynatca1tly feasible: tiva ;henul energy in absorbed by the 4tbletiWS

covposite to eo00 exteat by surface &V4 intaral
1. deccr t•on of th...* .;A t form por•is endotheMiC Cheai&c reactions. For coMoites

char and gase, contania$ plastic reol and inorganic reinforce-
mats, the following clwass of internal cheatcal

2. thermal cracking of or reactioas smong the reottlýn or ce*yamic.lly feaiblae
pyroleis gases a they flow through the
porous char to the exposed surface of t*h I- dcomposition (pyrolysis) ?hthe resia to
ablatitv ci5isosite, form chpt end gases; 4.g.,

3. char oxidation by the pyrolysis ge•ss, (?.e0 #gNOy7 ~g~e) resin

4. reacrlton betwecn the char and silicaSreinforcent. (CiOo0I6.10-t8.2) char + (xH2 -+ x20) +

in pArticulat', reactions of Class 4 are igbly z31120 + x"ute zC 2H6 + xe ÷+x7oArgAic+

eodothernic but have been fou-.$ to be relatively
lw except at +ery high t.m -eratunres. x;8WC2 + x30 2 + XIC anrotics) as; (1)

Preliminary emripuiars hea been prf-rmad in 2L thetral cracitog of or reacrtcio awes
Sattempt to catalyze the cbar-reinforca rt +- pyrolysis g•• as they percilate thrrnag
tiiwzs, particularly the follmwin teattion, which the Insulatien porous diar to the exped
leads to solid silicon carbide: 5t1C of the ablative coqaso•eie; E.g.,

5 1 0 7 ws + R i , -S IC ( 4 2 0 U , 4) . t r& C + 4 2 2

(3) 0)

Sy introldu-ion of trraattrio-eter. comp dtoads Lue(ft ÷ 91tzý112
the .cosposis ablativo strulcture, atanaificant
roducttonst in cha depth have been measured by the 3 -n oxiýation of the oytoiysS $gaan; 0.96
as& of A ftris law Inage mncses. CcXAdirit4V 0#1v

experi.antal troed aro. compared vith thbe!'t:le-al i)

predictionw based on an sblstlow-node± c-purn
prrn, tihd inLuIvdes a pmrvisio for 0tht ( " i l)' OD , )rtzicrion aCClss4

t. rtaction. barwse the d. ad reinforco
Por rela•. ivly etwrt pariod. -of tiw. ,(4m the* CsV14a SO c1 r • (4)ordr of *we t te) structures t h ýr'ncts) ( (g)

by ablative. vaeertel~s irta contianuous iwsap~ur'e tc
high heaot Iios sss adhihtemeatrs Muick 51Ž C r i + M7(0. ~ 7

l tgor caahb*erolarentd It the 4mpoqwxva tzi ( 2 3

*4tls ve materials for thbrart-cke*ar tosAal-(tlaa (g) 5)('
ad4 ltinin 4AMd~.ertom. Kom be-20 ctmpottmsj of at.
elastontr smdteor plastic held r.ogetbtt by adwu +4ssqusat tvmact ions:

A pornics of thla wort was e'ported by MtIolh, VnoJecr -Th4"8uts adr owracrt T4L62O'4&-C-0033
'Pralfesot of Chaefcld siens Un*. AtAU.4.Sro, ayad

~frntySuateetur t .V~ial Ordnance 1,4cruaory, lvrSilgXywd
*Pvaaty gs~ite talstIhfwerttyof raliforVaA, Uirkatey7,Caioia

P~redRAW



ti 2l'!7ý3 3510(~ (16() 10 (8.71 - 15,100/T) *(1

whot~re p~o is in atm and T Luto in'.

a* the olP~est of m 4a of r'16
iutemal 6140 9aie aemooms the reactiama of cus TMIL 2. PREDICTED REACTk0G TIMES
I. %as Koc1ved Xhs moot attagice. Use*0 FYflt?'4 MsO EQUILISRIIM CAmoi-NmhQxiU rasRESU
414 rGVcAWt 4" ew m Lwý"tt became. thebOR.V02WCTOS
P"Amem is pm aw An & lmo o qvtJ*t afJfoc-fG 2 ivo!OI
lqs4sto tim VrIwg' s eaw it. **T.1WU from C~e
hw *- &A*UAI onvimmam WA thegokt k fjj 'AL i Tim, segip
emitaitt the .oiorall Ismaesl *Autios raet. -7 - s% 401.. ij --~

IOf the shma clsos of posYymlyt~c dciica1 2,500 1,371 491 1,631 1 5 01
94819tits, tuase of am#e 4-o cammiderably a:r 12.600 1,427 246 818 i9

eaeu " w0 fthe'aftim of tho otbsr fto 2'.700 1.482 121 429 118.9
clss. er d:i:?Vonke"'5 4 tvcto &t, j .8D 1.538 0 234 4.

Tharmodyammc,2,0 ~1," .92 1 61.41
kimatle, Wd Frustleal as,.ato of these tker- 3.oo{1.649 22 771 105
reiaforcommat roactiomoa rteview"d briefly in3,1001.0 40 6ý 5

ofeatalysing the fomation of ti~lema carbide Dlatoofcrninhepsne
"torties to Uquatto (8) wxe disemsed. T.kpahc fctbcI huposcf resualts "f Prat11iuaxy catalysts exeiet of 5exs 6±02 and notligible riev~rs
iaV0lviag * too of trre"Itiov-setal o*amnt rattn

M Ad c~o~mdo s no proesact4. for Equnatiou (a).

II. Thr~t~in4COther ±nvesigst~aors 6 ',1.) have approached the

frseveral Intermal thablaia reactions are summe- toctmique of calcudatimS the equilibrium composition
a26d 14 ?1*1 1. If, It to eassad that oegrow of for a specified initial cam3uttion Of C sAd 5±02,

100i4 WAKeqG0 ffoyreipu 0o a that mtoetaia 0.45 allAowift ior the productioc of all pocaib Is chemical
po of tetemo ubift Is oheqUutLy *mumaed speclem. Wide temperature and pressure rainses have

meodt"to 0 rsetm o sqalat (), he bows coveted. Unfortunately, coom discrepancies
ratio Of 010 boat 046d"9d by tb* 0.1102 2eaCttids tese WaJAWa~ime exist. Reported res ults of
to the boet *a.*.d bytereast y "Itoa Prsuef5Pish htte
apqproximately 54.1.rua fSCtofvm vrat~prtr o

of 2330'? to 307 At150 pot&, this temperature
rat"s i shifted to about 303VP to 33501r.

FO ITtMAL NUTION MATIONtS. It appears that, oh tests of all the

t of tal pm~rese . atempemaure exists.hr h
8illcsoa- Ide-tarmstiop reactine &IVenr b7 44a~o

othstemperature is cvxumstly to doubt,

3 -117,134
4 +411130 U stcCd#oln

6 L,130 frath*y betwmef at m%&1yicsl 41ffivulties, a

ned~rectm kmsasssat too"eeaatsr The ista td mi~rdtaxoi' of
Uochor~ o41irt fosfw" Lh ofStital

giml no" tqotis (4-0.t )"Ie?) Tut reseedeouet fte stým
ia~~eetassee of1tms&osme latpl 1 itor to ca rcamawlnace l

pressure. u 1 icw epeso

oine1wd 00at Ss& (3 e kiaael e of O tb aToIitis.Z stedy(3 ts a et, the- s foleatSc
thei ofeeie SIC mm eryrapd thrtre t* Watute r~0oIl" domb astm eq a ri eretof theSD-

V~~h~~rV if; W40~a the AI atn 44ve

rammttoe Alem y gqalm (6-1).Ikeystramo
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results off 3lementiba). et a,,(.12): iZas ~s tnt4 i"nt eOu iut4b

Cut:~1r(16 ini; wt.h silicz en~d rto6n amdC Uta trb2tnatasweO.efOL~*J
- - 4 5. 5 e&xTý 20 T --. O-- (12) e rr~iin~as ~r.efc~v v~d. the Pynthea.s 4 tiicP. c~wttl.46 lhoreiora,, 0

was 4elia~ved titv trano-iti-to metials would be of t"-
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is diacussed b-ý ~eedhr x~d kosennwie±g. (3-) nottoni cloth, This method gave th>! -. aiib~rs

c~overing7 rj,' 3ýezr~l method* r~.Sipe o
iv. Fract'"al Considieratnimvi taltiiu 1, 10, and 15 lnaerr ai prero vqu~
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APPENDIX B

a. 14 17TION COMIPUTER PRYGRAM

in nrder- to guile the direction of Task 3, ýp existind orn 'fenarala

e 1. "rrN~ Wbatioii cAnpot.r Dngraam is bePing utlzed. Th1s -ryamn V4

devploped under Air •krce Conitract ft AFO4 l).114)- in M-4 urder the

supervisi(ci of the P1ri•dpa1 IOr of ra 3 while he W n er', oe0
by the Rtcketdyn:e 0 sio .0,o f North .&jxrcan Aviation.

The conputer program was based on a copre,ýensive and detailed mthe-

matical model of the primary physical ind chemic)! processe5 occurring

within and at the surface e& an ablative wall a a rocket ixtor or thrust

chanter. Only essential features of the programn are described here.

Co.pe e details are presentee in Reference ().

The internal =,de of the model accounts for the heat transfer, chemical

reaction, and flow processes which occur within the ablative w*ll material.

fh. ýut-face mode serves as a Dhysical andior thermochemical boundary

condition on the internal mode at the heated surface by acounting for

the interactio between the wall surface and the ?ht combustion gases. A

schematic of the model indicating the nechanismý coynidered is shown in

Figure 1.

The internal mode is based on the following one -dimewsional, rectangular

coordinate, tenperature-dependernt properties fom of the thnrmal energy

equation:

(PC K(L_) - CgGg ryA
; J

:n this equation, the first two term account for the transient heat

conduction within the wall; the third term accounts for the convective

cooling of the porous, charred portion of the wall by the pyrolysis gases

percolating through it; and the lost terms account for the production or

absorption of heat by the various chemical reactions that occur within

f the wall.

Three types of internal chemical reaction are included in the model:

(I) ýyrolysis of the ablative resin, (2) cracking of the high molecul,.r

* Se -e ture tf r-Fentinon of svmbols
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weight constituents in the pyrolysis gas during percOsation through the
char, and (3) reactions between the reinforcement material and the
carbonaceous portion of the char. Although ..tch of these groups of
reactions actually involves many different simultaneous or consecutive
reactions, they are each represented in the model in terms of an over-
all chemical reaction for simplicity. The rates ( rj ) of these repro-
sentative reactions are formulated in the model with the following
arrhenius-type, kinetic reaction rate expressions. For the pyrolysis
reaction.

n'l tn (a•E)p

rpy =Apy (P) (rg)py E) (2)

for the pyrolysis gas cracking reaction,

r (AE)cr
cr c PgI expT (3)
cr =A g I

and for the char-reinforcement reaction,

sc scA exp sc(4)
rc =A 1c ' 2/f (tEs

In these expressions, the symbols pi* and p1 represent the true pure-

state density and the actual spacial density in the composite wall of
material 1, respectively.

Also, included in the computer program is the option of deleting
from Eq. 1 the kinetic-rate term for the gas-cracking reactions and
accounting for the heat effect of these reactions býy assigning an
appropriate magnitude (which may vary with temperature) to the pyrolysis
gas specific ieat. This is equivalent to assuming that the rates of
the gas-cracking reactions are equilibrium controlled ratner than
kinetically conrolled.

To account tor the variation with time of the composition, and, there-

fore, the propert,',•s of the composite wall material resulting from the

dB-3
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chuamcai reactions, and to account for the production and motion of the

proslysis Va, material-accounting or "continuity" equ&tions of the

follo!ir4 form are also included in the ablation model. For the solid

coponent materals,

and for the pyrolysis gas couponents,

+Pg (ir (6)

where
j - py, cr, and sc

I a p. r. c, and s

gi - g1 and g2 (uncracked and cracked gas species, respectively.

Also ircluded In the ablation mode" are the momentum equations

p (7)

which are based on a simplifed theory of slow flow through porous

madia, the state equation:

P 2|p - + j R T (a)

which is based on the ide*l gas low, and the porosity relationship:

p t °. s I
0 .Or+ Pc+ P

0B-4



which Is based on obvious geometrical considerations.

The over-all therm-physical properties of the comosite wall

material appearing in Eq. I are obtined from the relationships

(p C)- p CE +p p ++ + CK + C +p Cs J (10)

which derive from the assumption that the values of these properties

are equal to the volure-weighted average of their values for te

component materials. The ther,-ophysical properties of the ihdividual

component materials tre calculated from empirical expressio-t;, fitted
to experimental data, that are supplied to the computer progr•a.

The surface mode is primarily concerned with evaluating 'he rate

of heat transfer from the hot combustion gas to the exposed surface of

the chamber wall and the rate of surface erosion resulting from

vaporization, chemical reaction with the combustiongas, and/or

mechanical action such as R@ltifng and shear flow. The heat transfer

to the surface is calculated, in the general case, from the relation-

ship:

(K ,(-) T,]
(K)A a)A °e ue (St)tr [He " Hw] + f'Gg) Hg Hw]+

S- + o.4 - 4]
(G) EIm HwY+ ac. F s Te _ (T) -M chem g-

o . FsF (T)A4  (12)

The total chemical enthalpy terms (Hi) and the mass rate of

surface erosion as a result of chemical reaction, [( chw which

appear in this equation, are evaluated from a system of relationships
derived from the well-known theories of chemical-thermodynaic equili-

brium, chemical reaction kinetics, and boundary-lyer-ttype heat and

mass transfer. The effect of transpiration blocking of the convective

heat transfer to the wall surface is accounted for through the use

of the following empirical equation for the Stanton number:

cB-5
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0.3 1 + (.2
(st)tr (St) 0  ÷(4- (G1)canem (13)

Pe e t Iej
For cases where the rainforcement material melts at the higher
temperature (e.g., the sili,;a-based material•, tho- is also included

a method whereby the effective rate of surface erosion from melting

and shear flow [(G,)mchl can be evaluated, The total rate of surface

recession resulting from these two types of surface erosion, chemical

reaction, and malting, is then obtained from the relationship:

Pm C(Gm)chem + (Gm)•eCh] (14)

in which ti•-ctor i is the linear measure of the position of the wall

surface.

A unique numerical aproach Is used to solve the above set of

coupled nonlinear partial differential equations for the Internal and

surface modes of tha ablation process. The new technique involves the

simultaneous application of the Blot variational procedure for the

virgin and backup regions and numerical finite difference methods em-

ploying the Crank-Nicotson implicit procedure and including predictor-

Corrector techniques for the char reion and pyrolysis rection zone.

The above analysis was programed in Fortran IV for automatic

comutation. The printd output from this ablation computer program

consists of the location of the wall surface and the comlete internal

spacial distributions of the to-Varaturs, porosity, pyrolysis gas

pressure, flowrste, mass concemtrtion of cracked and uncracked

pyrolysis gas species, and the bulk densities of the various solid

comonent mrt*rials. This Information can be printed out as often as

t* prgrax user desires with respect to simulated ablatior time.

For tht specific aplication of the comuter program to Task 3,

it was found necessary to modify the surface boundary condition

equation used during the Initial heat-up period (prior to pyrolysis)

so as to pernmit only a radiative input (such as would be the case for

arc-image ablation tests). After making this modification, a series

•i-
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of 4 base case runs imere made for 30/70 pileno1.si111ca under

conditions of no char-reinforcement, ractions ard no surfac

regression for radiative beat inpits of 10, 20, 40 W caiisec-caA

The input, data and properties utilized a-e listed in Table 1. Calculated

char depths and surface temperatures are z1otted in Figures 2 and 3.
as a function of time over the range of 0.1 to 100 secoms.

Additional calculations are currently undtway %hich include
rdpid char-reinforcement rwectitns. These nsults will be copsred

to those shown in Figures 2 and 3. jn additior', based W.i the disfxssion

under Phase I above, it now appears nT,<ess•ý*r" -to make fU-the# @41-'-Icatioa

to the program Lt permit the use. of a swries of reAct-on rate express$1oI
for resin pyrolysis.

I
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TABLE I

DATA AND PROPERTIES FOR BASE CASE RMS

Phenolic resin density 0.043 1bmj'in3

Silica density 0.079 lbm/in'

Pyrolyzed phenolic density 0.076 lb-,

Phnolic resin specific heat 0.3C &.tiib•n°

Silica specific heat 0.25 t/ lot OR

Pyrolyzed phenolic specific heat 0.60 rtu,1lt•-•'
Pyrolysis gas specific heat 1.0 Btu/ib-n- k

Piihenlic resin therml conductivity 2.0 x 10"6 Btufsec-in-O
.5

Silica thermal conductivity 1.2 x 10 Btu/sec-in-'F

Pyrolyzed phenolic thermal conductivity 3.5 x 10"5 Btu/sec-in-°OR

Mass fraction of phenolic resin

cwveottd to gas 0.47

Kinetic order of pyrolysis reaction 5

Activation energy of pyrolysis reacton 9.9 x 104 Btu/lb mole

Pre-exponential factor of pyrolysis reaction 2.8 x 1014 SCi I

Heat of pyralyis 450 Btu/b1fi resin

Initial Wall tererature 530 R

I

I' . i
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A = area

A reaction rate f uenK cy factor
C - specific heat

(aE) - reaction activation energy
F = thermal radiation shape factor

G - mass flux of pyrolysis gas
(Gm) - mass rate of char surface erosion

h - total specific enthalpy

(AHI - heat of reaction
a) effective heat of reaction of all of the char surface

erosion processes
K thermal conductivity

Lm peyfbility coefficient of char

molecular weight
kinetic or'*r of pyrolysis raction

P porosity of char
p p•-essure

VIuiVeral. gasL Mj. i...

r voliuetric miss-rate of a 'J•rical reaction

40t Stanton n~am*e x : .i '.ns1 ration
(St)t s Stmntn n r i trapiration

tTert raturt
U velocity
y w perpendicular distance from su~rface ito du.aber wa!l

Groek Symbl s:
r mass of a product substance produced pr unit mass of

a remctant substance consuied in a chemical reaction
6 11-'ar masure of the ch&r surface recessinn
4 char dth
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= .Stephan-Boloann constant,

Viscos~ty
.ictual spaclal density

Pits te,, pire-state dOnsity

i(• Subst-t! pts.

c pure carbonaceous char

cr = pyrciysis gastcracking reactions

chem - -due to chemicai reactions
e a frea-stream combustion gas

total pyrolysis gas
CsI betwen cumbustion gas and char surface

gi ith component of the pyroy'sis gas
gl = unstable componei of pyrolysis gas

g2 stable cormpnent of pyrolysis gas
i ith component material

J jth chemical reaction

M composite char mt~eria at chamber wall inside, surfets

mech due tc melting and shear flow

o Initial value

p -' resin or plastic

Py , pyrolysis reaction

r reinforcement material

s solid products of char-reinforcement reactions

S ac char reinforcement reactions

se - between char sur'face and nozzle exit
w combustion qas inmiediately adjacent to char surface

= , at the reaction-virgin regions interface

S• at the char surface

cr, 12
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1.0 INTRODUCTION

The objective of this project is to develop 4 method 7or probing
a combustion chamber by microwave techniques. SucY techniques have
been used for many years to measure the ionization oensity and collision

frequency of the exhaust plasma beyond the exit 1lane, and elaborate

p,a bing techniques have been developed at many -ocati',ns to measure
attenuation through the flame for a minimum path length as well as for

an oblique path length and as a function of distance from the exit plane.

Ordinarily such measurements assume the plasma to consist of one thermo-

dynamic region. This simple model has been imp;-oved in our laboratory
by including the effect of thermodytmaic shock waves in the plume to

obtain a more exact value for the ionlzation density and collision fre-
(1-4)quency at the exit plane. Reas~nLJe ag eement between theoretical

predictions and experimental measutements hai been obtained.

In addition, analytical techriques have alsu been developed to
include the effect of temperaturt cr thg total ionization produced by

the constituents of the flame. Irt generfl th!-se results are d;fficult

to apply because of the difficLIty of knowing4 all the reactions that

are taking place. Particular s-icess was a,,hieved, however, where the.ri

was only one source o& electrons from the flame constituents. In this
case. Saha's e4iatici relates the degree of ionizatior to the tempera-

t•jre.{Is This fact suggest:, that mators seeded with alkali metals can
be used to produce a singli source of !lectronrs. Experimental verifi-

cation of this technique hps been achieved.( 4 )

The basis for relatirg attenuation measurements to the ionization

density and hence the temperature is given in Section 2. The applica-.

tion of these techniques to the measurement of the chamber conditions
Is the present objective of the project. Ultimately, techniques will be

developed to account in the analysis for the presence of pressure waves,
non-uniform conpustion, and source and sink reactions. A directive

antenna for making the measurements has been developed and the design

is also included in Section 2. This project is continuing, and measure-

ments on a I pound charge will be made in the rjear future.
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As a result of a special interest in the possible use of micro-

waves for noAdestructive detection of voids in solid propellants,

a feasibility study was undertaken to 1nvest.'late this possibility.

Th results of the study are included in Section 3.
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2.0 MICROWAVE DIAGNOSTIC STUDY

Plasma characteristics are easily determined using microwave tech-

niques. Changer in amplitude and phase of microwave radiation are

caused by the presence of the plasma, and thasa changes can be related

to various plasma parameters such as electron density. collision fve-

quency, and temperature. Microwave diagnostic techniques are widely

used and have the important feature that no physical contact with the

plasma is required.( 1 -4)

2.1 ThecreticaZ Ba•ae for Mlcrozawe L*agoetic Mefeurolwnta (R.W.Grow)

The basic mechanism involved in the interaction of electromagnetic

radi4tion with a plasrA at microwave frequencies is the induced motion

of the plasma electrons. The resulting electron current is out of

phase with t.he field and hence appears in the wave equation as an

additional displacement current term and the apparent dielectric con-

stant of the medium is changed to W[1
£plasma 'o I- (I)

where

- radian frequency of the microwave radiation

Wp electron plasma radian frequency

Th•s is an exact expression for a homogeneous plasm with no electron

collisions. The change In phae angle along a path of length L within

the plasma is given exactly by the equation

W2
A8• - kL I 1- I - -- (2)

where k - o, is tho permeability, and c is the dielectric

constant.

For plasits of appreciable density and ts erature, it is necessary

to account for the electron collisions with gas molecules. Considering
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a xwelli1an gas which is characterized by a constant collision fre-

Squy'-v, independent of electron velocity, the wave equation Is
describ ing th* propagation of electromagnetic waves in a region contain-

ing a Unifonm charge distribution is

(r2 + k2)E - oP 00v (3)

where E is the electron field, p is the charge density, k is the phase

constant corresponding to the velocity of light, and r is the propaga-

tion constant. The electron velocity v is determined fromn Langevin's

equation

i + mg(v)v - eE (4)

where iw and e are respectively the mass and charge of an electron.

If g(v) a v, a constant, then
1_E

I a m (5)
i+v

and the wave equation then yields a solution for the propagation constant
r. There are two unknown plasma parameters 'p and v. Two measurementsp
most be taken to find the two parameters and one may use attenuation

or phase measuroonts or combinations thereof since the solution for r

is of the form r - c + j. One possibility is to measure the attenuation co-
efficlent* a, and a2 at two frequencies wI and w2' respectively. When

the electron conduction current is much smaller than the displacement

current the equation for a is simplified greatly, and when a is measured

at two different frequencies w and v are given by

~2 1_
2(6)

2+ (7)
V

The method described applies for the ideal case of a Maowellian

9gs with the collision frequency being independent of the electron

velocity. There is demand for microwave diagnostics of notvomogeneous
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I

plasmas containing many constituents which are non-Maxwellian. The

theory must be generalized considerably if any maningful microwave

tests are to be made of plasmas of this typa.
The wave equti~tcu ds given by Equat'on (1) is still valhId for

this case and for v we must, in general, use the Maxwell-Boltz-anrn

average velocity.
00 3/2 .4 e'Pv 2

<,, --"tt , ) -+ .d, vM 3 +d

For convenience, one can define

<v> - N t (B Wi)()

Then for v constant
B - W- t + ( )

arOi the results shWm previously are obtl ned. Actually v Is not a con-

stant, but is girven by

V Z j V (

where oi and Qi are the density and collision cross-sections of the I

plasma contstituent. The pi's are determined from the gas composition

and the functional behavior of Qi for some common gases is given in the

follovn•ng table-where the coefficients Ci are functions of temperature.

CO, 1 2 Ci + C2 V

N2  C3v

2--4

H2 0, WI I C5 __j

A weighted average collision frwuency may be found in terms of the

teoperature and gas composition. By carrying out the integration to

obtain <v>, 8 and D may be found in term of the gas temperature. From

the wave equation, the attenuation a and phase 8 along a path of length

L are olven by

d-5
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)2I , 1]2 + 4

""I- --- (1•2)"

S(13)

For a given frequency a depends on w p, P, and T and measurements at

three frequencies are required to obtain values for these oparameters

only from attenuation measuy-wnts. When the perfect gas laws

describe the plasma adequately, o may be expressed in terms cf T Ar n

only two measurements are required. The attenuation is increased

when either the electro, density or the colli.0on frequency Is

Increased.

In the case of a rocket exhaust plfsa the effect of a shock

layer can ý* analyzed by noting that there is now attenuation in both

the central region and the outer region and the total Attenuation is

total M 0l + CII (14)

W•,re I denotes the central region and 11 the outer region. Since

the gas Coridittons are discontvrious across a shock layer, there P.re

m six unknowns, w,,, wpiI, pl, PIIP TI and- TI Using the asst.mp-

.tvn that the outer rlgion is at atmospheric pressure, using the
Prdtl-Neytr rtlations and using the perfect gas laws gives three

unknows which may be wp', p" and Ty so lt~at thra*--.;'•eqýecy Mea-

surents my be used to solve for these unknowns at any particular

position.

These 7.iults 'have only been applied to the diagnosis of the

exhaust plum. It is the intent of the present project to Apt-ly them-

to the :.ibustion chamber itself. The fact that the microw-ave measure-

ment is *s~entlaily made external to the pla(a without perturbing it

has c•itsderable significance. The difficulty of making reliable

tapr4ftrv masurments inside the :;mubstion ct:mAbeW has )ed to The

presert s%4dy of the feasibility of mking these mewasuramnts.
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Prelim"na-y investigations have been carried out on the problems

of fitting a smali-s-ile motor with ceramic windows to provide a path

fc- microwave energ,, through the combustion camber. Initial measure-

ments will bi made on motors with fuel charg•s of the order of one

pound. Geometrical problems associated with a chamber size for this

amount of fuel and the possible beam widths for microwave energy have

been investigated and the problem of making meaningful measurements

in the time required for thp charge to burn is also being investigated.
For microwave radiation with the wavelc:ngth considerably less than t9e

dimensions of the propellant charge, good resolution can be achieved

position-wise throcgh the piasma. Time resolution is primarily a

function of the amplifiers used In the system. Demonstration of feasi-

bility wili involve showing that microwave attenuation measurements

can t,; successfully made at :3 GHz and 70 GHz through the combustion

chamber during the testing of the motors.

The experimental equipment for making measurements at these two

frequencies has been selected and the arrangement of the equipment
and the motor for making the experiment is presently being designed.

Since the size of the motors is restricted to the order of une pound of
.3propellant with a volume of about 5 in , the antennas to confine the

radiation must have considerable directivity. For this reason one of

the initial phases of the project has been to de3ign a suitable

antenna. A reasonably directive pattern can be achieved with a horn

antenna. The yattern for a fairly large horn is shnwn in Figures 3

and 4 of Section 3. In order to focus the radiation through the

sual voluim. of propellant more directivity is desirable. For this
reason, a dielectric horn antenna with focussing properties h:s been

designed.

2.2 Ant•eia Tvagn t"H. S. ., .i Y.W. Grvo)

From Rhodes'K experimental patterns. opti"m. dimensions were

selected for both H and E plane flare as a function of flare angles

o ad eo' respectively, and horn length L as illustrated in figures I
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Figure 1. Drawi.ng lliustratin9 tho parameters for a horn antennla

Dielectric lensI

0I
0 10

Figure 2. Drawing of a dielectric horn insert to be inserted
in the antenna illustrated in Figure 1.
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and 2. An optimum horn with a 14 de'rees half-power beam width in
both the F plane and E plane shosild have flare angles of o = 360
and 8C = 29V, respectively, and a length of 7.8 wavelengths. The

directivity of the horn antenna may be increased by inserting a di-
elctric lens into the iAorn as illustrated in Figure 2. To obtain a
par-allel beam of radiation the electrical length of the paths must

be er al. Then,

L__' -x)sec x (15)
d Ad '

where

X0= wave length in free space

AXd 2 wave length in dielectric material.1
n 0 = index of refractionAd

Solving Equation 1 for L' L + x yields

L(n sec (l (6)

nL -1

* Equation 16 expresses the length L' as a function of *I" A drawing of

the optimum K-barnd horn for a frequency of 23,6 GHz is shown in Figure 3.
The data for the polar plot of the dielectric insert is given in Table 1
and a drawing of the dielectric insert to obtain a parallel beam is shown

in Figure 4. This horn is presently being fabricated to Invastigate
the actual focussing characteristics.

In addition the theory has also been developed to obtain a focused
beam of radiation as shown in Figure 5.

By means of the techniques of geometrical optics, one finds L' =

L + x
n L sec *1 + (D - L) sec ýl - D

LJ = ~n - sec •1 i7

This equation is presently being solved to obtain the design of the

focused horn antennas.

d-9
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TABLE I

Anle (Degrees) Radius (ters) Angle (Degrees) Radius (Meters)

R R
1 13 0.11719

0 0.12285 14 0.11633
1 0.12282 15 0.11543

2 0.12271 16 0.11448

3 0.12254 17 0.11350

4 0.12229 18 0.11247

5 0.12198 19 0.11140

6 0.12160 20 0.11030

7 0.12115 21 0.10917

08 0.12064 22 0.10801

0.12006 23 0.10683

10 0.11943 24 0.10562

1 0.11874 25 0.10440

12 0.11799 ,_.....

Subsequent to the demonstration of feasibility,within a few

months the effirt will be made to include the presence of shock waves
and non-uniform combustion in the analysis, and attenuation measure-
ments will be made at two or more frequencies in accordance with the

complexity of the model used to describe the burning process. It is

expected that this research will be performed in conjunction with

Tasks l and 2.

The theory of wave propagation in the exhaust plasma is basea

upon a knowledge of the electron collision cross-section prorelties

of all the gas constituents. The model being used includes the effect

of the cross-section data to obtain the electrot, temperature. The

previous work with exhaust plasmas accounted for the ele.tron source

tnd sink reactions in the flame. It is intended, as the project

progresses over the next year, that in this case also th~e chemical

reaction processes in the flame will be integrated into the e#1 ctro-

magnetic wave theory.
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3.0 FLAW DETECTION BY MICROWAVE ANALYSIS

As a result of a current interest by industrial organizations
and research laboratories in non-destructive test and inspection tech-

niques in solid fuels, for both latent defects as well as internal
dewetting, we have investigated the possibility of detecting cracks

or voids using microwave diagnostic techniques. The major problem
with such techniques is that of achieving sufficient sensitivity to
detect small defects. Several methods for making such measurements
are possible. The method we investigated was based on conventional

standing wave measurements. I1 an electromagnetic wave enters a sec-
ond region that has a different dielectric constant than the first
region, a reflection is produced.1he combination of the incident wave

and the reflected wave produces standing waves that can be detected

by suitable instruments. If the transmitted portion of the wave
leaves the second region and enters a region like the first a sec-

ond reflection is generated. These two reflections will cancel
each other if the thickness of the second region is zero, otherwise a
net reflection is produced by the combination of the two reflected
waves. This reflectioR can be used to detect the presence of a defect.
The Interaction of the reflecticn from the incident surface of the: pro-

pellant and the combined reflection from the crack can be used to
determine the depth of the crack below the surface.

3,1 Theoretical Anazlyeier of Crack Detection (C. H. LDrney)

The principles involved in measuring the dimensions and location

of a crack in a dielectric can be illustrated by consIderatinn of
plane-wave raflections from infinite dielectric boundaries. The

configura.o,, shown in Figure 5.

In this development Z will be used to denote the characteristic
or plane wave 'mpedance of the various materials, and E will be used

to oenote thz dielectric constant. The magnitude of the reflection
coefficient in Region I can be found from ZI, which is defined as the

plane-wave impedance at z 0. Z can be found by traveforming 4
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Figure 5. Sketch of focused beam of radiation.
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impedances. At z = D + W, the impedance is Just Zol, where Z O%

_T is the characteristic impedance of the dielectric. At z 0,

ZOl is transformed to ZD% where Z is given by

D + JZo tan N

where Z V7= -7 is the characteristic impedance of free space, and
k w/oe-o. At z = O, Z is transformed to Zl, where0 0

Z0 1 Z.+ jZ01 tan AD

Z 01+ jZ Dtan~D(8

and a The magnitude of the reflection coefficient in Region I0
is given by

zl/Zo - I
ii I 00 00Z /z + 1 (19)

1 00

and the standing-wzve ratio by

"s -I- (20)

For narrow cracks, kW << 1 ind Equation 1 can be simplified to

Z + iz kW
Z a00 01 - 0

D [zo+ JZ01 kW]

(21)

Zoo0

Equations 17, 18, 19, and 20 were programmed on a conputer to

determine thi behavior of S as a function of frequency. Some results
are shown in Figure 6. It is clear from the values for D and W accom-
panying the curves that the period of S is related to o and the ampli-
tude of the ripple in S is related to W.

Some insiqht into these relations can be obtained by considering

two limits -- a crack of zero width and a crack of infinite width.

When W 0, Z Z and
I -l
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IFOI
r°I •oTP' + 1I

S.T

Thus for a crack of zero width, S is constant with frequency. For

!:/Eo a 12, S m 3.46. This is the average value of S in Figure 6.
For an infinite crack, ZD - Z00 and j

0+ JZ tan !•D
1,010 Z 01+ jZo00  tan D

lj

E (22)

_-o2 1 Itan OD

Vt ~(23)j
4 0_oo C2 + 1) tan 2 OD

It is clear from Equation 23 that Io and hence S is a strong function

of frequency because of the tan 0D term. When tan bD C0 C0 and

S 1. When tan B *D ,

-.2 +IS

0

Thus for an infinite creak, S is a periodic function of frequency with

d-16
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Figure 6. Geonvtry used in calculating plane-wave reflection

from a crack in a dielectric.
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a maylow value of E/c 3nd a mirimum value of 1. The period of S is

found from

2 YZý,f •o D -. :- i-

2D 4 7 D'

where c is the velocity of light in free space. Therefore D can be
found from

C

(24)

where 0f is the difference in fre.enoncy from one peak to the Bxt Pt. 5

When a narrow crack is present, Hol is much more coriP'1 -At. th-•!

the expression in Equation 23 and Equation 24 is not stri-÷ y tre:-'.

However, as shown by the curves in Figure 6, Equation 2'4 i good

measure of D for the cases shown. To a gond approximdZ&ici the period
of S is related to D by Equation 24, and the amplitud( of the ripp" Ir

S is related to the width of the crack W. The ".0 is, thi la ,-Cer

the magnitude of the ripple is. When W - •, ti- ,,t'd• of iire

ripple in S - /o 0 .

Som- examples will illustrate how 0 can be fo:d fr the cirves

in Figure 7. FFro curve peaks occ-u, at 71.-02 7 rce

2Af - 0.58, and using Equation 24

D L: -11

(.58)(3.46,)o

Thus D is obtained from, the curve and Eq t lcr 4 i Z. .5 ct cot-v-..'ed

to the actual value of 15 cm. From curve@., 6 7.80 - 5
0.13 GHz. Then Eqjat!on 24 gives D as i2.89 ':7c d do t Le &c.ual

value of 12 cm. Similarly, from curve), N- 1.02 70 ..44 i. 5- 0Hz,

and D 14,95 cm as compared to the actual value of i5 cm. From., curve

..
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2f 71.08 - 70.36 - 0.72 G~z. This gives D - 12.05 as compcared

to the actual value of 12 cm. This illustrates how the curves of S

versus f can be used to determine D.

3.2 Verification of Antenna Capabilities (C. H. Durney and R. W. Grow)

The main effort has been to demonstrate that sufficient directivity

can be achieved to make medningful measurements in a particular direc- I
tion either with a one-antenna transmitter-receiver combination or a

two-antenna !ombination with the transmitter %nd receiver connected to
separate ar,tennas. In addition it was desired to demonstrate that
reflections fromn a crack could be observed with a directive ant*enna.

The initial experiments were attempted at 70 GHz where a well-
designed horn antenna shown in Figure 8 and with antenna patterns shown

in Figure 9 was available. A klystron and most other necessary com--
ponents with the exception of a slotted line were also available. The

effort was ,iiade to modify a slide screw tuner for use as a slotted line,

but this proved unsuccessful. The effort was then made to make con-
firming experiments with 26-40 GHz equipment. A slotted line and a

klystron were availeble alonq with other' necessary wave guide compon-

ents. The major problem in this frequency band was tha unavailability

of an antenna. An an, .enna similar to that available at 70 GHz scaled to

the 26-40 wave guide band was fabricated from sheet aluminum. Exper.
imental results indicated that this cntenna was not really as good as

the prototype and had considerable loss and some inherent reflections.

The effort was then made to make experimental measurements of the

reflections from the blocks of propellants. Figure lO shows the mea-
sured VSWk from two 3" x 6" x 6" blocks placed such that the energy

passed through the 3" block, enzountered a crack, and then passed through
the second 3" block, Comparison of these results with the theory of
Section 3.1 was very encouraging, particularly since the frequency spac-
ing corresponding to the period checks the theoretical value for a 3"

spacing between the two reflections quite closely.

c 3 x 1010
D 9 5 cm -2"

2z-'\o 2 x 0.85 x 10 x 3.5
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Figure 8. Basic design of 71.4 Gc horns.
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Figure 9. E-plane patterns for M-band horn antennas.
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Figure 9. H-plane patterns for M-band horn antennas.
d- 22

- -N

1 _ _(db)_



2
Two 3" blocks
butted •- • _..

V together

0
36.5 37 37,5 38

f :.-

Figure 10. Measured VSWR from two blocks of propellant.
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Other masuruients soon demonstrated, however, that this rippled

behavior was independent of the block since the same periodicity

was characteristic of one 3" block, one 6" block or anything else

except no reflection, In which case the match was close to perfect

VSWR - 1
These facts suggested that the material was considerably more

lossy than previously measured and reported by other workers. The next

effort was devoted to measuring the loss of the propellant around

36-40 GHz. A block of propellant the size of the wave guide cross

section was fabricated 0.46" in length so that i.t could be inserted in

the wave guide, and a short was also fabricated. The short proved to

be very effective with a VSWR of about 80 to 1. The propellant block

was then inserted in the wave guide and the data of Figure 11 were

recorded. These results indicated that the reflection of the propel-

lant was about equal to the reflection of the short attenuated with a

double pass through the propellant. Since the expected VSWR of the

propellant Is about 3.5, then the effective reflection coefficient of

the short is

3.3.5. - 0• .55
3. 5 + 1

Since p - I from the short, then the two-way loss through 0.46" of

propellant is 5.2 db. Hence the loss is

Ldb 5.2 db,--;. •2. s sIj
in 09-2 inl

An alternate approach may be taken. The period for 0,46" is

c 3 x 101

~FI a Ta0 0.46 x2-

- 1.28 x 1010

u 12.8 x 109 Gil
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If -a 3.5, then

A 3.66 GHa
"3.5

Although the klystron did not tune over a wide enough bandwidth to
obtain a complete period, it Is apparent that the hall period is greater
than 2 GHz. Estimating that the peak VSWR must be close to 7.5 gives a
value of vI7o a 2.74 rather than 3.5 and a period of 4.66 GHz, which
looks more reasonable than the 3.66 GHz above. Following through on

this logic would give a reflection coefficient of
2.74 - I 0.465
2.74 + 1

and a loss figure of
Ldb 665 - 7.2 db
n - 0.92 in

Thus it appears that the dielectric constant around 38 GHz is close to
077. and the loss is close to 7.2 dbWin.

These facts explain why the crack was not observed in the initial

measurements reported in this section.

3.3 Peasibility of Microwave Technique8 (R. W. Grow)

The infomrtion presented in Sections 3.1 and 3.2 is encouraging
in some respects since the theoretical basis of the method is proved,
but the physical loss of the propellant is much larger than expected
and increases the complexity of any experimental system for applying
the technique. At least two possibilities exist for overcoming the
loss. These are as follows:

1. Filling the horn antenna with dielectric material.

2. Amplifying the observed frequency-dependent
variations.

The effort will be made to show how these facts can help solve the

problem.
The first possibility is important because the major problem with

a large amount of loss is the large reflection with a '!SWR near 2.74

that occurs at the front face of the propellant. If the magnitude of

d -26
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this reflection is reduced, the net result is an effective amplifica-

tion of the ripple that will be observed. Since alumina has a dielec-

tric constant of about 9, then the effective impedance transformation

would be from 3 to 2.74, which will minimize the amount of reflection
from the first boundary. One other technique that can be applied is

to reduce the size of the incident wave in the detector to account

for the loss of the wave guides and horn antenna.

In addition the horn antenna filled with dielectric will be one-

third as large as the unfilled horn, once again improving the realiza-

bility of the microwave detection. It is still proposed that the
technique be applied at 70 GHz so that the size of the horn shown in
Figure I would be reduced by one-third.

The scond possia'ility cited earlier can be utilized either with

the first possibility or without it so as to amplify the variations

thus received. The experimental setup is illustrated schematically

in Figure 12. It is believed that the device proposed can be 7;tde

into a reliable instrument.
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-:'-a.t )rotlein in the practical use of solid propellant rocket

ii.c.-r; is that of stress analysis. While ballistic properties are equally

critical, the motor must be a sound mechanical system, capable of under-

go4 n.-, tne purely mechanical loads.which may be imposed. This immediately
;i*z.-ssitates the auility to analyze these systems. Moreover, since the

nninimlZdtion of weight is desirable, it is important that analysis be very
good, thereby allowing optimization with a large degree of confidence.

Initial analysis techniques applied were those of linear elasticity.

The results of such analyses naturally did not reflect the problen

accurately, due to the viscous nature of propellant materials. Subsequent

use of linear viscoelasticity proved generally profitable, althougn
erroneous results still occur for highly solid loaded propellant! U

seems cl{cr that the theory of nonlinear Oscoelasticity is nctentially

more useful, and that further stidy is desir4tibe.

For tiip abo,- -edons, th• itud, 1 s-c'ssed herei- was undertaken. It

is inten•- that_,.4? is and thermal characterization of prnpeliants

be carried out, i, a closeiY aflied Jtheoretical and experimental program.

The thseoreticet. sullts will guide experimental efforts and permit the

dev ,-- of a truly __.1ptive theory of propellant behavior. At the
..... ltionýft--s reiiayses the studies of continua

from the -Eri;anics point of view will be extended to embrace the chemical

arnJ molecular morphotogical aspects in conjunction wit.h investigators of

Task 1.I
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1.0 INTRODUCTION

As a lonical prelude to engineering use of the equations of state
connecting stress, strain, time, and temperature, a determination will be
made of the proper mathematical formulation for the governing constitutive

equations in conjunction with appropriate laboratory tests. These results
will be integrated with the objectives of Task 6 which is concerned with
high rate and high stress inputs to rate and temperature dependent materials.

2.0 DEFORMATION AND BALANCE FOR NON-POLAR MATERIALS

Consider a material body, B, with bounding surface, S, consisting of

particles or material points possessing continuous mass density, p, in all

configurations. In the reference state at time zero, t - o, each particle

will be labeled with a position vector X having coordinates XK, K 1 1, 2, 3
referred to the origin in Euclidean 3 - space.

Where the spatial vector of a geometric point location In the 3 - space

is x with coordinates xk, k 1 1, 2, 3, the motion of a material particle of
the body may be designated as

x x (Xt) (1)

which describes the location, A, of the particle X at subsequent time, t,
These are called Eulerian or spatial coordinates.

An alternate form for the motion is

xu x (xt) (2)

which describes which particle, X, occupies location x, at time t; Lagrangiam

or material coordinates.
A motion of the body B is thus a continuous sequence of configurations

e-1



i n time denoted by x x (X,t) or in component notation by xk Xk(XKt).

e deformation gradient (Euleran) is the spatial partial derivative

of the motion, x, of particle X with respect to the neighboring particles,

X Xk(XK, t) (3)xk, 2- (3)

The Lagranglan deformation gradient is the spatial partial derivative

of the material at point x with respect to neighboring geometric points;

XK )XK(Xk,t)xK,k ax(4

f

The chain rule of differentiation yields the relation

Xk,KXK,t• 6k ; XK~k, Xk,L 6L (5)

where 6 is the Kronmcker delta.

The square of the distance between two material points is dS2 with

dS 2 -Ck dx dxL (6)

where Ck(xt) Ck- Cit XK,k XKN. the (6-a)

Cauchy deformation tensor and the distance between two points in the deformed

configuration is

ds2_W CL dXK dXL (7)

ith CKL(L't) =CCL 3 XkK Xk,L. Greens (7-a)

4eformtlon tensor (both are sywmetric and positive definite).

The Laqrangian strain tentor Is then defined as

2EK - CL ("Xt) -•KL (8)

&-2
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and the Eulerian as

2ek, -= ki& Ckk ixt (8-a)

Continuity of matter is expressed by the positive semi-defigite require-

ment on the Jacobian

0 < J (M ;M < oo (9)

wj = dt where is the reference
wi th J o do where Po

p ~ XK

mass density.

The other balance equations necessary are (Reference 1)

Balance of mass:
S+ pVk 30 In 8 (10)

Balance of momentum:
t + P (f V o in B (11)

+ (

Balance of moment of momentum:

tkt tk (non-polar) in B (12)

Balance of energy:
+ mhinB (13)t k(" tk V z,k + qk,k + Ph n

Clauslus-Duhem inequality (Rate of Entropy production) in

P P- P div o In (14)

e-3 .
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where icB - a(t) with

0(t) a movinq di•ontinuity surface in B and
Vk - velocity" -t

tkL- stress tensor

f " body force per unit mass
e i Internal energy density/unit mass

a Inward directed heat vector to surface S

h u energy wource/unit mass

0 a tempeature
n - entropy/unit mass

y - local entropy production defined by Ea. (14)

Th related jump conditions are, related to the Obove

mass continuity jump on •t

[pln-[]v-n o (10-a)

Momentum jump on a(t)

[tkt] nk - [pvv!vPn + [ovz] ,-n = o (1-a)8)

Moment of momentum on o(t)

tk t Uk (12-a)

Energy lump on 7(t)

+ I
P V- ] in (13-a)

Entropy ,iitp on f(t)

[prf (y- v)]e•.- [S]-n .o (14-a)
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H where

von- normal component to a(t) of material velocity
)on = normal component of Jump surface velocity
S = entropy influx across G(t)

2.1 ConetitutLve Equations

2.1.1 Introduction
Whereas the deformation and balance equations are restrictions on the

motion of any material, the so-called constitutive equations c-e necessary

to specify the characteristics of a given class of materials. It Is in this
area that three different approaches may be used, namely

(a) Axiomatic - which ensures Internal logic and consistency,
but which may not describe any material of interest or

may be in error based upon unfounded axiomatic choices.
(b) Empirical - which will generally correctly describe the

material behavior over precisely those inputs used to
determine the constitutive laws In the first place, but
will probably be incorrect beyond that domain. Also the

"laws" are unable to violate basic physical premises.

(c) Boot-strapping, - involves coupling of the axiomatic

approach with carefully selected tests to both verify
chosen axioms and to elucidate alternate mechanisms.

The third approach is the primary method to be used in this present
research program.

2.1.2 Basic Axioms
2.1.2.1 Axiom of (u2pre)ence(

"A quantity present as an independent variable in one constitutive

equation is so present in all, to the extent that its appuruace is not

forbidden by the general las of physics or rules of invariance".

2.1.2.2 Axiom of obt.etivity(I)
The motion of a body shall not reflect the difference in observers

(or in another form, the frame of reference).

II



Where x and x are two different frames of reference, they shall be

forced to coincide by a rigid body motion, Qk' and a time shift, b, where

Xk(X!") QkP(t)xt(X,t) + bk(t) (15)

where 0(t) is a proper orthogonal transformation, b(t) is a translation, end

tis a time shift with I t - a. The axiom states that all constitutive

equations must be form invariant for all (, b, and a. .any of the older
rheological eauations and "ad hoc" 3-dimensionalized viscoelastic equations

violate this axiom and hence, have doubtful meaning in a physical sense. The

transformation, 0, obeys the rules (OT transpose)

T T SQ0 a Q 0 a I det O 1 (16)

(for I det 21 - 1 we have spatial isotropy).
Invariance with b implies spatial homogeneity (not material homogeneity)

and the t shift implies time constancy of the material. This last time
*,-hift would not be removed for materials with aging characteristics, however,*

because the shift would refer to a reference state, tr, and would only shift

a newly made material to a new reference state tr.I

2.1,2.3 Axiom of Memory
Classical elastic materials possess no memory and respond only to the

forces Isposed at the present time. Viscoelastic materials, however, can
be shown to possess amory or hereditary characteristics( 3 ). Some mterials
have been eharecterized as havinq a fadino or short term amwry(4) with a
-rather thorouqh thermodynamic treatment. Lastly, a viscoelastic material may
be consldere4 rate dependent and respond to all time derivatives of the
force at the present time or form a constitutive equation in differential
ovtio fo rus )

It is in this axiom that the problem of material characterization arises
-when coulod with, (14) and (14-a) the Clausius-Dub. inequali ty.

• ite: This is an ex, le for which observation would restrict the
axiom used.
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Consider a material where, to genetalize, we assume the present value

of stress is determined by the entire past motion history of the entire body,
then

t(X.0) f(X't'x(1,t's)) ,o~5<OO (17)

where f Is a functional whose present -.alue depends on the motion history,
x, the time t, and the particle X. Thus memoryaging effects, and

inhomogeneity are included.

We next assume that the nwtions causing stress are short range in

effect so that we need consider the history of motion X .only in. the,-
N(X)

neighborhood of X. Application of the objectivity axiomn(S) then restricts
the general constitutive equation(ll) to one where the history of the
deformation gradients rather than the history of noti-on As such governs the

(6)
response
Thus, (17) becomes

t(X t) - f(F(X,t-s)) ;ots-cm(8) 7

where herein F is the deformation gradient hito at. ýf material point X.

SG thipt finally we have

F (ý.!)X~k~ (19)

where C EC(t-s) expresses the history of 'thte Greý de rýOation tensor.

The principal of equipresence can now bt. ihlk to Wrifto wcni th ti tu-

tive eauattons for st"ess, heat f low, inteial 'Int ay, ý!itrdp tn W'_
differentý Hem: 1 ereditar~y mater* s or (2) Rat ~dnt e11

2.1.3.1 tHer-edit~ry Materials
In this cemw, one has

e-7



qk= QK(C(t-s); 6(t-s), X) XK,k 20-b)

E(C(t-s); e(t-s), X) (20-c)

SN(C(t-s); e (t-s), X) (20-d)

wherein the entire history of the strain, C, and temperature, o, for each

material point, X, are included. It is implicit in the above relation-r that

the temperature history Includes the gradient of the temperature, O'k"

2.1.3.2 Rate Dependent Material

If the time histories are sufficiently smooth to allow a Taylor expansion

of the type

x ' (t') x(t) + (t-t)(Xt)+--,÷(L.)A (P)(X't) (21)

for all the independent variables (axiom of saooth mwiory), and if the neigh-

borhoods are assume.d smoth enocugh to allow a similar expansion about t.

point X, we obtain the constitutive relatiofts for rate dependent vwý•siuple

materi al~s, flam I v

*, ", V .. I(.

I.'. , M) xo Kk . .,

S• 0 No I ...
r -.



= Qk[CMNI ECNN ''N, . P) X ] XKk (?2 - b)I

-- E[CM 0MN' CMN . . . , ] 22-c)

r C ------ , ktP) j2 -d
"NLcMN, MNf C MN,---- -k (22-)

wherein the FKP E, N are now rc;t functionals but rather tensor valjed

functions of the P rates and 0 gradients of the independent variables with

(P) PX,

The memory here comes abojt in a 'limited way through the higher rate ard

gradient derivatives.

We thus see that the memory functional under proper smoothmess curditlOis

c,, time vields from,

.2

C.(t-s) = Ct) - sC(t) S + (t) +

the relatin

T [ ts]=F'C, ,,- 24

where F is a function. Similar tesults niod for the gradient exansion

materials whose dependence on X vanishes (homogeneitv) and who;e wa d ent
de,"ndence is no gr-?ter than the first deriative are caed sJmV'e

m,,aterfals- ad will be ured •or the re s of th e r),pvsition s i ce the "ye in
experimental -points do n.t dep.nd oo the higher spzt.al gradients. This
the rate de e-endert: si• material con-sti tutive eeuat 1ons become

:6 C,,

O'k" e' •'• "'K,, (25)~

e _~9
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and the simple memory type materials yield

kt FK(C(t-s); e(t-s), ek(t-s)) XK,k,XL,z (26)

wi th analogous expressions for c, 1 and q.

It should be remarked at this point that in a..tual practice there is
some overlay between the two forms of expression disctussed above. For

example, assume a simple hereditary linear material whose constitutive

equation can be expressed by the Lebesgue-Stieltjes integral in the form

t

f G(t-s)ac(s) (27)

Riesz(7) has shown in a 1909 paper that the expression (27) is the most

general linear functional possible with certain boundedness conditions or
ac(s). When the strain history has discontinuities in the strain or any of
its derivatives (as occurs in a constant strain rate test using two successive

values of the rate) certain discontinuity terms or saltus functions arise so

that the Riemann forn., of the integral then becomes

t r m
t f G(t-s) ac ds + r aE(s1 ) + z bI (s

"4.Ds II - (28)
q •(k)(sk

+ + E gke k)

k=-lwhere there may be discontinuitits in any of the strain rate histories of

magnitude e(k)(Sk) at time Sk back from time t. This behavior is commonly
seen in the case where a 1. G(t) and the bi a n(t), the relaxation modulus

and viscosity, respectively. Thus for certain non-smooth strain histories,
the hereditary furctional form of a simple linear material can lead to rate

effects explicitly appearing in the constitutive expression.

2.1.4 Thermodynamic Restrictions

Returning to (14), the Clausius-Duhem form of the second law of thermo-

dynamics, we see that this equation must be satisfied by all of the constitu-

tive eq•.ations if we are to have a thermodynamically admissible form of

0e-l0



expression. Upon introducing the expressions

CKL - CKL = Id XkK x, (29)

where the deformation, rate tensor is

dk = I(V + Vk) (30)

and the free erergy, v,, is defined

,e can rewrite (14) as

"" 8) tkc., L2 qke'k >' (31)

for all *nrenendeat prnceses. If furthermore, it is assumed that the

stress fvnctional ijr t can b- separated by assuming a stored energy pa.'t
and 4 Jis; d•tibe part, t'.-an one can write (c=0reen tensor following),

F(c. e. ) + DF(c, ýq F, t, g, .o ) (32)

21A.4.1 'ate T'pc Material Restrictions
Substituting (25), with the temperature rates eliminated, as well as

the temperdture gradient for convenience, and for Idte type naterials

tk = FKL(C, 0,..c, e) XKk XLj (33-a)

k kc c ) •') rk,k (33-b)

C = E(c, 61, ..* P), a) (33-c)

'i=N(c, 6, C-'9...c~) Cw (33-dý

into (31) we obtain expressions where the coefficients of the Independent

e-ll
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Yariables are set equil to zero since these vartabies can be changed

arbitrarily. The coefficients then lead to the followign rtrictions om

the constitutive equations;

tk+P F xK • .(34)
(.po DekL XkLK 9X,,L

qk - o (no heat conduction) (35)

- -(36)

(37)

with the free energy,

• o(3C)

aC~kL"
and the dissipation,

P-1
D0KL EKI " - ,(*+I)> " (39)

S3C1

We note that ifE- .. a c(P) a

then

DF L 0o and 0 o n 1,2--, p- I

kL

showing that the dissipation is at least linear in the strain rete but is
independent of strain. The free energy has no linea- strain rate dependence.

For the condition c, 1 $ o C - VC ... c 0o, (39) yields

F OkL{ 0 (40)

Sipce ?, - o. DFkL~kL .o and dissipation occvrn. If E o, we obtain

D~kL~'ki.- p'(L 0 !J ad~ -

---12
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Thus the free energy is independent Of x but' tht 0%,100 ti"-h 1_~ PNe

•kL

and the stress is (for the equall ) t

t 2 xKkL,L 0 i XKk 2 (43),kL ~~~ a" .t 77..*xi

and we have that the second derivative affects the stres dssIpation.

Those familiar with-classical physics will perhaps be annoyed with the

notion that certain state variables such as the freee gy are herein

functions of the strain rates and, inmplicit in the smooth tim history

expansion, are therefore path deperient.

However, tentative acceptance of thi$ result is logically bettor than

either denying the existence of strain rate dependent mterials (.Mxwell

models) or abandoning the concept of ecitpresence until experimntnl

verification causes such a course of' action. The usual, liner theory uses

only a c and Z in the function and thus avoids this problm.

2.1.4.2 Hereditary Material Restrictions

Applying the same procedure to (26) with ok and X suppressed leads to

t 2 9- Xci + !! ,k XI ý LM(s)' (s) ds (44)Po 0kk' CkL Po 0o

Where we have neglected higher order integrals, z is herein a stress potential

=pO *
Including the discontinuity terms of (28) again introduces second order

rate effects.

2.1.5 Experimental Aspects

The second and higher order rate terms can be properly eliminated only

after experimental verification. The linearization of the thermodynamics

equations or other methods do not properly face the problem. The importance

of the results is obvious in that too many thermochanically coupled problems

produce several fold disparities in the predicted and observed results. j
a-13
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-"2.1 .6. Cumr• Experismetal and Theoretleal Prora

T0*A theretical develoment of both rate dependent and hereditary

L mt ealst, with discontinuous strain histories is continuing. The purpose

here it l solve various coupled thermomechanical strain inputs so that

observable diffeences in the response as compared to linear theory can be

pr.edicted. At will of course be desirable here to separate strain energy and

entropy effects on the observed stresses. Experimental effort is now

under way toexplicitly evaluate the effect of both I and E (strain rate

and second derivatlve effects). In order to accomplish this task two

operation1 amplifiers have been adapted as a function generator for the Instron

testing mchine. 8y this means a continuous parabolic input strain function

with ontln|ious first derivative is produced. The second derivative is

discontinuous and of constant value betwen the discontinuities (but of

reversiAg sign). This test should definitively show whether any of the

mterials being tested are of the E riete type in the context herein.

Further tsts relative to the coupled heat codduction are in the preliminary

stages, Including those pertaining to bulk compression effects. Since

volumetric changes are important in the analysis, a precision qas dilatometer

has been constructed and tests are currently under way on highly filled

polymers.
The resolution of the above problems on a closely coupled theoretical-

experimotal approach is considered necessary before one can with

confidence handle the thermal stress problems and high loading rate problems

of highly filled solid propellant materials.
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PREFACE,

The question of detonation aechanisms is of direct Importance to

solid propellant rocket fuels. Conditions leading to detonation occr

as a result of high frequency mechanical distuitances, such as stmr shoc

waves; which can be Induced by direct enviromental or tactical loadfgs.

The process of detonation 'is one whereby energy is released more

rapidly than It can be carried away from a zone behind the wave front.

The energy released then generate3 the shock ahead ot it. The mechanism

by which this energy is made available Is open to question. 1q fact,

there is perhaps no single mechanism that is responsible for the process.

Various methods of production of the required energy have bn postulated,
all aimed at producing "hot-spots,* small areas in which the energy is

concentrated, so that an ammt of energy not sufficient for detonation
of the total mass can cause local chemical reaction. Such mechanisms

Include (a) compression of interstitial gases, (b) intergranular friction,

and (c) high-velocity flow.
The mechanism above seek a micro-explanation to the problem. A

possible macro-e'plrvation to the same problem lies in the area of continuummechanics--speciflcally In the area of viscoelasticity. It is well known

that many materials are most aedibe nei•le r as elitic nor

as a fluid, rather as a viscolastlc mdeim. Such materias exhlsti

effects characteristic of both regimes, yet are solids. In particular,
ese matials allow ene o be irreversibly dissipated in mechanical

processes. Pence, the study of the viscoelastic response of propellant-
ike ma ials ti hngh rate hi tensity loadings say throw new light

upon sble tonation meansm.
The purose of this study is to explore a mechanism in which viscous

dissipation is the proxtmate cause of detonation, taking the theory of
viscoelasticity as a starting point.
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1.0 UIWR0DUCTIOtM

This task Involves an investigation of the mechanismns wý,ereby
mechanically imposed shock wavas 'lan cause prepellant materials to ýbecame
thermally unstable and detonate. The timmediate objective Is to explore a -

viscous dissipation mechanism by formulatirig the flel, equatfimns gotA0n
the viscoelastic deformation in a cantinuum, wIth secific attentioI
focussed upon the equation of state and the effects of rate 4ependience of
the several observable paramiters. Gur Initial presupposition- therefor.
cuesfiininrnltpeaerietinueetatn yis that dissipative effects due to viscoelastic material response can "
implication, effects of thermomechanical :*upling are deemed importntv
has well as nonlinearity in material response.

The project began with the backgrond study of general A~rticle's
related to detonation, particularly those in the area of cot4iled thtemrw9
viscoelasticity and viscoelastic wave propagation. Two conclusionis were.
reached: (1) extensive literature exifsts in the th~o-etital area of
couVple thennoviscoelasticity, but the act~ual awouit of~ correlation wit 0

L ~~experimental data is rather small; (2) the analytical soLstilon -'f p rý)le M
in shock wave propagation is beyord the statrx 0 the art form~aterials -of
the type under consideration, leaving numnerical irchniques As tthe- onmly
reasonable approach.

It was therefore decided that study be directed t.oward -edi#Hmta
measurements on shock waves. the nature of various dissipati.:'e Mecha M Sim;
and an exploration of numerical analysis techniques,
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2.0 EXPERIXNTAL WORK

This particular phase of the project is being carried on ir conjunction

with experimental studies into the range of linearity of viscoelastic

materials. The behavior of materials is viewed as presenting a spect~v

from low level %tress waves to high intensity waves for which the materials

behave essentially as fluids. Thus the comparison study is conceived as

one In which the systematic exploration of the transitior region is begun.

A facility is nearlnm completion by which both projects may be served.

The aim is the capabolity to test samples of representative materials under

shock conditions. This facility consists, as shown in the accomanying

photos, of a gas shock tube which allows a traveling shock wave to impinge

on the end of a specimen. The shock is provided by rupturing a diaphragm

between a driver chauber containing high pressure gas and the shock tube

itself. For this task the aim of the studies will be to determine the

ecdaical and state variables (velocity. tomlmture. etc.) necessaty to

evaluate the materal constants appearing in any proposed constitutive

law. In this area Tasks 5 and 6 share eary of the sm aims--i.e. a

determination of tie specific constants which appear in any material

characterization. While Task 5 is essentially involved only in state tests,
Task 6 is concerned with dynamic tests. It is not possible, In practice,

to fully evaluate macer•al benavior by only static or dynamic testing.
In order to gain the above information, the shock tube is being

Intnr ted as fully as possible. Pressure transducers are mounted on the

tube to mniter Incident and reflected pressure, the output being displayed

on an oscilloscope. Particle velocity reasurements will be made by j(1, in Ansatt11otcoill

wegnetic techniques as used by other investigators. An attempt wiI1

be mxade to measure temperature rise due to the wave passage. Tentative

plans call for use of therscouples eedded in the material for this

measurlnt. Wle the rise time of the theruocouple is anticipated to be

too long for instantaneous veasuremnts, the heat conductivity of the

materials involved is small enough that some idea of instantaneous results

will be gained.

The facility is now in the check-out stage.
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3.0 THEORETICAL STUDIES

The solution to 4 general problen: in material behavior consists of a

set of "funct4'ons" satisfying the folloviing equations-

1. conservation of mass

S+ o~ii = 0(1)*i p+ 0
2. conIservation of morentum

3. cons -rvation of energy

cij. ulj - qi'i =oe (3)

and initial and boundary conditions. In the above equations the superposed

dot indicates the time derivative (material derivative), and the subscripts

denote spaclal derivatives.* These equations introduce a number of functions;

density P, displacement vector components ui, stress tensor coaponents oij'
internal energy e, temperature T, and heat flux vector components Qi. Addi-

tionally, there may be applied body forces in (2) and intenial heat supply

In (3). Inspectior of (1), (?), and (0) indicates tnat the nuaber of

independent equations is on&y 5, while there are 15 unknown functions. This

discrepancy is rectified by constitutive laws--relations which identify the

material behavior.

Constitutive laws fall into three types: (I) stress-strain 'las; (2)

heat flow laws; and (3) equations of state. The stress-strain las .ere

of the form
oij -& F(- )(4)

The heat flow laws are of the form

G(.)

The equation of state has the form

E (6)

* A rectangulir cartesian reference system is used so that distinction
between covarlant and contt-,varlant derivatives is utnecessary.
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TMe notxt!an (-)indicates that the arguments a,-e the relevant

quandit.%s in each cate. There are then 10 additional equations to make

the systw wll-determired. For the moment the forms of (4)--(6) remain

The s,•lotons of classical elasticity are concerned only with (2) ir

a line.1ze, form. The only relevant constitutive law is (4), in the usual

notation

A 6 Uk, + U (U, + ujji). (7)

The classical hcit conductior probem uses only (3), (5) and (6). In (3)

the statement is.!~cna -.-hat heat flnw goes into an ircrease in internal

energy and mechanical work is neglected; in (6) the internal energy is made

only a function of temperature; and for (5) we have the well-known Fourier

law

"ax- (8) I
Either of these problem in independent of the other. In both cases volumin-
"ous iiterat~re is available. The further complication that is not unfamiliar
is the partially coupled theory. In this case the heat conduction problem

is unchangee, but wIle stress is allowed to depend on temperature as in the

linear th 'ry where the additional term (-3 aK(T-To)6 1t) appears on the
right )and side of (7), k being the bulk modulus, a the coefficient of

expan-ion, and T a reference temperature at which the body ,s unstressed.

Toe temperature problem can then be solved independently, and applied as

on input to the stress problem.

The above restrictive cases have in common the feature that internal
energy is either neglected or only a function of temperature. When the

fully coupled problem is co,'sidered, one must admit that (4), (5), and (6)
can, in general, all involve the independent variables ui, t, and derivatives

of these quantities. In fact, the whole history of the independent variables

may be ne,,ossary to yield the instantaneous values of aoj, Qi, and e. Now

the general problem is far mowe complex, both qualitatively and quantitatively.

*•• ",rchanical disturo&a,.es cause thermal disturbances, and vice versa. It is

not 3nly difficult t# solve these problems exactly, it is also difficult to

f-4



- : -• ,:- ;- K• -

be sure what this sort of couplin means in any but slop7a problefi. The

most critical difficulty, however, lies in the are of establishing equations

(4)--(5). In particular, (4) and (6) are open to much speculation.
t3)Probably the most pertinent work is that of Coleman in the area of

thermoviscoelasticity. This is so because the irreversible effects of such

theories could lead to temperature rises during the passage of waves.
k- a rcsult of thie considerations discussed above, some time has been

devote..d to the study of coupled theories of thermoviscoelasticity. These

studies lave led to the productiqn of two internal technical report.S4. 5)

302 constitutive Law.

In principle, the problem stated above is 3olvable given the constitu-
tive laws (4)--(6). That is, it cculd be done numerically, in a step-by-

step fashion, if in no other way. fie constitutive laws embody the

differences that are observed in response of various mater 4 els to loeds,

and are consevuently the critical link in the solution process. It is this

area that Is present'ty under study by many investigators. As a guide to

constructing constitutive laws, certain principles should be observed:

1. Equipresence: If in (4)=.-(6) a certain

independent variable appears as the argument

in orw equation, it should be assumed pre-

sent in all until otherwise demonstrated.
2. Material indifference: the material behavior

is independent of observer's coordinate system

and thus all constitutive laws should be written

so that an arbitrary rigid rotation of the body

does not change the law.

There are additional sunh requirements, but these are the only two

which need explicit mention in our present context. Another guide in

formulating constitutive laws is the Second tiw of Thermodynamics--the rate

of entropy production is greater than or equal tU zero, never negative.

This law is regarded as a restriction on any constitutive relation for any

admissible process. With such requirements as these, a rational study of

constitutl-ve laws is possible.

For the present purpose the validity of the usual Fourier Law of heat
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Mion Is accepted. Such acceptance, however, is not necessary. For
gi le, reference (6) discusses the classcal law as a first-order

appltmetlon toa mo general law. Reference (3) admits a history depen-
den of the heat flux on strain and temperature. It is of some interest to
study the heat flow pheroanon for the following reason: if, In fact, the
diffidlon type equation is replaced by, e.g., a wave equation, then heat
flow is no longr an instantaneous effect.

References (5, 7, 8, 9) discuss the general problem of coupled thermo-
viscoelastlctty. The approach used in (7) is to define a non-equilibrium
them cs. The material law used there is one in which equilibrium is
characterized by a hydrodynamic la% and no shear stresses are developed
at equilibrium. For non-equIlibrium processes, shear stress can be develop-
ed so that a solid-like behavior is observed. Such a constitutive law is
essentially a fluid theory, and is not desired for the present study.

Colemn (3) has studies constitutive laws in materials with fading
moory.* He assumes that the stress, internal energy, and heat flux are
functlonals of the history of the Oeformation gradient ("strain"), and
teverature, and of the present value of grad T. To be consistent with the
Second Law of Thermov nrics, it is then necessary that the Opendence on
grad T vanish from the 3tress and internal energy. Thus, the constitutive
laws for stress and internal energy can be written

a F (t-s), T(t-s)J
saO

(9)

e a EF(t-s), T(t-s)]
saO

In (9) and F are the stress and displacement gradient tensors, and the
notation I , indicates the dependence of ; and E on all values of

saO s-O
the arguments for -- <T 4 t. This result is of interest in the formula-
tion of constitutive laws as It indicates the variables of primary concern.

Such materals are characterized by the norton that disturbances in
the near past produce greater responses than disturbances in the farther

past.
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Christensen and Naghdi() and LianisJ9) have pursued the above
question further, •iaking use of a further result of Coleman's. (Chris-
tensen and Naghdl actually raderive that result from first principles.)
Coleman has also shown that if the free energy is written as a func-
tional of F and T, then the stress and entropy functionals are deriv-
able from the free energy by a process of differentiation. On the
other hand, if the entropy is written as a functional of E and F, then
the stress and temperature are derivable as functionals of H and F.

Christensen and Naghdi explore the linear coupled theory in terms
of a simple integral form for the free energy, which leads to the
results for stress and entropy

t toij a Doj +f Gijkt(t-TO) • -r *1j(o.t-T) YT

t tPS - 1O) + f 1jJ(t-T,O) M dT + f m(t-_,O) aLdT (11)
DT 'r

In (10) and (11) ctj is the usual infinitesimal strain, s the specific
entropy, and the other quantities material constants and functions.

Lianis starts directly from Coleman's work and assumes a form for
the free energy. This particular form attempts to incorporate the
notion of "thermorheologically simple" mtertalsNI0) into a single

integral expression. The explicit representation for the free energy,
j0, is ,, ts

( 7 t-s) F-(Ft), f b[Tlt-) T T]411;

0 o0•2
0 (12)

F(t), (T(t)-To)} b[T(t-s) - To]ds

In (12) L is a function, possibly non-linear, of the arguments shown,
and the function b(T-To) is the so-called shift function familiar to
the area of polymers. This particular representation has Lwo virtues
that immediately present themselves:

f -7
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1. The in1•gral is a single one, avoiding the

umreldly multiple- integral representation

of nnlinear viscoelasticity. The nonlin-
earity Is expressed by the nature of t, an
ordinary function.

2. The inclusion of the thermorheologlcal simple
character of many polymers (an experimental
fact) is appealing.

By the application of the rules whereby constitutive laws are formulated,

the general expression is put into an explicit form consistent with iso-
tropy, material indifference, etc. This form is given in (9).

3.3 $tuy UNder 1'. vis

The approaches by Christensen and Naghdi, and by Lianis, have got-
ten more to the heart of the problem than any other In that an attempt
has been made to display the constitutive law in detail. It would con-
ceivably be possible to measure the functions required. However, It
appears that there still rumins a better formulation for computational

purposes.
We proceed from the assumption that any solution to the fully

coupled problems is almost surely going to be numerical. In particular,
it will be a straightforward finite-difference, step-forward-in-time,
solution. Consideration of techniques of this type shows the following
sequence of steps:

1. Given all the stresses at a particular time to,

solve equation (2) for the accelerations.
2. From accelerations determine the new positions

of points, as well as strains, etc., at to + at.

3. Given the stresses, etc., at the time to, solve

for i from (3), and thus get the value 8 at

to + At.

4. From the constitutive laws (4)--(6) determine

atJ' qtv T at to + At.

f -8
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In step 4 It Is obvious that It would be far noa desirable to have T
as a functiona! of, say, F and , than other variables. This is true
because we then derive T from F and I directly rather than inverting

an Integral law of possibly very complex nature. It is, in fact,
possible to rationally reach such a representation. This representa-
tion Is the subject of (4) and (5).

Taking an expression for the entropy in terms of integrels over

the history of strain, c,,, and Interral energy x, it is possiblt to

derive, as done in (4)v following thw ideas of (8)s the fs.1lowing

expressions for the stress and for the teamperature

d-t [t Gl(t--) akdk2( air 6tJ 1 d-m'

t
I *(Ot-,) dT 9 (13)

S t akk t (t-Y) 3 .dc (14)"T To + f ,(t-T o) "T• +, f (-)•'d 4

The functions G, 62. *, 2 nd m appearing in (13) and (14) are material

properties. In a fashion tir'lar to that of Lianis, the entropy func-

tional can be 9xpressed in term of a linar integral of a nonlinear

function of the quantities F and S. This yields, as shown In (S),
expressions similar to (13) and (14), in which the arguments of the

single integral are various derivatives of the original nonlinear fuec-

tion. It is not particularly relevant to display the result obtained

here, since it is reasonably complex, and certainly not suggestive of
any particular Interpretation.

At presents investigation of the maing of those alternates is

being carried on.
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4.0 MICERICAL STUDIES

While the original thought was to adopt some two-dimensional com-

puter program to the present purpose, such ideas have been discarded.

The effects of boundaries are significant quantitatively as well as

qualitatively in wave propagation problems, but at least the qualita-

tive effects can be inferred. The quantitative effects are rather

hard to achieve. In this case the use of two-dimensional computer

programs goes beyond the available level of support due to the time-

constming nature of such calculations. As an alternative, the one-
dimmional wave propagation program WONDY,(11 ) has been adapted for

use at Utah. The following description of the program is taken from
reference (11). *

WONDY is a versatile FORTRAN code for computing
wave propagation in one dimension in rectangular,
cylindrical or spherical coordinates. The code
is based on conventional finite difference analogs
to tLie Lagrangian equations of motion and is
similar in many respects to other such codes.

Considerable effort has been expanded to produce
a very flexible code. Routines for equations of
state or constitutive relations, special boundary
routines, radiation energy addition, as well as
the initializing routine are written as self-
contained subroutines, and new routines are easily
written to cover problms not handled by the
original set. In this way most problems of motion
in one dimension my be handled without difficulty.

Inclusion of Interml energy in the program allows the study of

temperature rise for assumed equations of state.

f-lO
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5.0 PRESENT STUDIES

At present the possible upper bound on temperature rise in shock
processes is being studied. A variety of elementary mechanisms under
consideration in order to obtain order-of-magnitude quantities. These
mechanisms include viscous effects, i.e. the temperature rise behind a
shock in a kxwell material, and micro-mechanisms such as bubble col-
lapse and solid inclusions. These simple analyses are intended to
put the various mechrnisms into three categories as far as their

ability to produce detonation: impossible, marginal, and likely.
While the idea of Task VI was that viscous effects are responsible
in a large part, it seams wise to deduce a quantitative limit, in
order that redirection of Task V1 might occur if warranted.

'4
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